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PREFACE. 


The  history  of  Chemistry  as  an  exact  science  may  be  said  to 
date  from  Lavoisier,  who  first  used  the  balance  in  investigating 
chemical  phenomena,  and  the  progress  of  the  science  since  his 
time  has  been  owing,  in  great  measure,  to  the  improvements 
which  have  been  made  in  the  processes  of  weighing  and  measure 
ing  small  quantities  of  matter.  These  processes  are  now  the 
chief  instruments  in  the  hands  of  the  chemical  investigator,  and 
it  is  evidently  essential  that  he  should  be  familiar  with  the  causes 
of  error  to  which  they  are  liable,  and  should  bo  able  to  deter- 
mine the  degree  of  accuracy  of  which  tlicy  are  capable.  All  this, 
however,  requires  a  theoretical  knowlcdgo  of  the  principles  which 
the  processes  involve;  and  the  chemical  investigator  who,  without 
it,  relies  on  mere  empirical  rules,  will  bo  exposed  to  constant 
error. 

This  volume  is  intended  to  furnish  a  full  development  of 
these  principles,  and  it  is  hoped  that  it  will  serve  to  advance 
the  study  of  chemistry  in  the  colleges  of  thisi.  comitiy.  In  order 
to  adapt  the  work  to  the  purposes  of  instruction,  it  has  been  j)ro- 
parcd  on  a  strictly  inductive  method  throughout ;  and  any  stu- 
dent who  has  acquired  an  elementary  knowledge  of  matliematics 
will  be  able  to  follow  the  course  of  reasoning  without  difficulty. 
So  much  of  the  subject-matter  of  mechanics  has  been  given  at 
the  beginning  of  the  volume  as  was  necessary  to  secure  this 
object ;  and  for  the  same  reason,  each  chapter  is  followed  by  a 
large  number  of  problems,  which  are  calculated,  not  only  to  test 
the  knowledge  of  the  student,  but  also  to  extend   and   apply 
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tho  principle!!  ditcusscd  in  the  work.  Regarding  a  knowledge 
of  nietlKKl.s  and  principles  as  the  primary  object  in  a  course  of 
Hcientific  instruction,  the  author  has  deTcIo|NMl  several  of  the 
subjects  U)  a  much  greater  extent  than  is  usual  in  elementary 
works,  solely  for  the  pur|>ose  of  illustrating  the  processes  and  the 
logic  of  pliysic4il  research.  Thus,  tlie  means  of  measuring  tern- 
])erature  and  the  defects  of  the  mercurial  thennometer  have  Itetrn 
descril»e<l  at  length,  in  order  to  show  how  rapidly  ihe  ilifliculties 
multiply  when  we  attempt  to  push  scientific  ohsenations  lH*yond 
a  limited  degree  of  accuracy  ;  so  also  the  history  of  Mariotte*s 
law  has  l>een  given  in  detail,  for  the  puq)Ose  of  illustrating  the 
nature  of  a  physical  law,  and  the  limitations  to  which  all  laws 
are  more  or  less  liable  ;  tlie  condition  of  salts  when  in  solution, 
and  the  nature  of  8U|)ersaturated  solutions,  have  in  like  manner 
been  fully  discussed  os  examples  of  scientific  theories;  and,  lastly, 
the  method  of  representing  physical  phenomena  by  empirical  for- 
mulas and  curves,  which  are  the  preliminary  sulistitutes  for  laws, 
has  lieen  illustrated  in  connection  witli  Ilegnault*s  exfieriments 
on  the  tension  of  mfueous  va{H)r. 

Altli<»ugh,  for  the  reason  ju^t  given,  it  has  not  l>een  the  aim  of 
the  author  to  make  a  mere  digest  of  facts,  care  has  licen  taken 
to  include  the  latest  results  of  science,  untl  where  it  was  im|M>s. 
silile  to  ent(T  into  details,  references  are  given  to  the  original 
memoirs.  The  author  wtmld  earnestlv  recommend  the  advanceil 
student  to  extend  his  stutiy  to  these  memoirs,  and  n«»t  to  s|MMid 
much  time  in  reading  text-lnHik^i.  Ail  com|N>ndiums  an*  unavnid- 
ably  iiicfiniplete.  Tliey  can  only  give  general  n»sults,  which  ans 
nece>s:irily  stated  in  definite  terms,  and  are  apt  to  ctuivey  a  faUc 
notion  of  the  true  character  <»f  the  plienom(*na  and  laws  of  nature. 
A  stutb'Mt  wh«>  doires  to  tniin  his  |»owei's  of  «»bsi'rvation  cannot 
ex|M>nd  laUir  more  profitably  than  in  l«Njking  up  fully  in  a  large 
library  on<*  or  more  of  tli«.*  ^ul»j«^.'ts  mentionetl  alN»ve«  and  n^a«ling 
ail  the  original  memoir^  that  havt*  Uvn  written  u|H>n  it.  It  is 
onlv  in  tlii^  wav  that  he  can  I«'arn  wliat  MMiMitific  invotiiRition  has 
really  done,  as  well  u>  what  can  U*  cx|M*ctotl  fn»ni  it,  an<i  can  thun 
prv|»are  himself  to  work  witli  advantage  in  extending  the  bounda- 
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ries  of  knowledge.  Moreover,  that  peculiar  scientific  power  which 
is  80  essential  to  the  successful  interpretation  of  natural  phenom- 
ena can  be  acquu*ed  only  al  these  fountain-heads  of  knowledge. 

In  preparing  the  work,  the  author  has  used  freely  all  the  ma- 
terials at  his  command.  Most  of  the  woodcuts  in  the  book  have 
been  transferred  from  the  pages  of  diflFerent  standard  works,  but 
especially  from  the  TraitS  de  Physique  of  Ganot.  The  excel- 
lent work  of  Buff,  Kopp,  and  Zamminer  has  been  repeatedly 
consulted,  as  well  as  those  of  Miller,  of  Graham,  of  Daguin,  of 
Jamin,  of  Miiller,  of  B^nsen,  of  Dana,  and  of  Silliman,  and  all 
that  is  suitable'  for  the  illustration  of  his  subject  has  been 
borrowed  from  them.*  Whenever  it  was  possible,  the  original 
memoirs  were  consulted,  especially  those  of  Rcgnault  in  the 
twenty-first  volume  of  the  MSmoires  de  rAcadimie  des  Scierir 
ces.  Indeed,  this  distinguished  experimentalist  has  so  greatly 
improved  the  methods  of  investigation  in  this  department  of 
Physics,  that  any  text-book  on  the  subject  must  necessarily  be 
in  great  measure  an  abstract  of  his  labors. 

A  large  number  of  valuable  tables  are  included  in  an  Ap- 
pendix at  the  end  of  the  volume.  Several  of  tlieso  have 
been  roKjalculated  ;  but  the  rest  are  selected  with  care  from 
(standard  authors.  The  authority  for  each  table,  and  the  page 
on  which  the  method  of  using  it  is  described,  are  given  at  the 
conunencement  of  the  Appendix.  A  list  of  numerous  other 
tables  distributed  through  the  body  of  the  work  will  be  found, 
under  tlie  word  "Tables,"  in  the  Index.  Tlie  author  is  in- 
debted   to   Captain    Charles    Henry   Davis,    Superintendent   of 
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the  Nautical  Almanac,  for  the  uso  of  a  tabic  of  logarithms  of 
natural  iiumU*rs  to  four  places  of  decimals,  which  will  lie 
found  xuflicient  for  Holving  mo»t  of  the  problems  in  this  l»ook. 
The  pn^atcr  nunil>er  of  tlio  prciblcnis  were  propariMl  by  the 
author  ;  the  rest  have  l)een  selecttHl  from  various  works«  but 
csiK?ciiilly  fn»m  Kahl's  Aufy'aben  aus  dcr  Physik^  and  from  th«» 
Ap|K.Mi<li.\  to  Uanot*s  TraiU^  de  Physique.  Solutions  of  tbf>«» 
problems  will  be  publtsli<Ml  hereafter,  though  for  an  obvious 
reason  they  vltw  not  includeil  in  this  volume.  For  the  pur|K>M« 
of  n*ady  referoniv,  the  sections  and  e<(uations  have  Irmmi  nuni- 
l»ered  ;  th<:  numWrs  of  sections  are  given  in  parenthes^^s,  tho^e 
of  equations  in  brackets  ;  and  in  onler  still  further  to  facilitate 
reference,  a  list  of  tlie  fonnuhe  is  included  in  the  Index. 

Cireat  |>ains  have  lietMi  taken  in  the  printing  of  the  l»ook  to 
avoid  errors,  and  the  author  is  under  e^|MM*ial  oliligntion  to 
his  frien«l,  rn»fe>sor  Ilenrv  W.  Torn»v,  for  a  can'fnl  reviMon 
of  the  pnK)f-sheets.  The  difliculties  of  securing  |)erfi»ct  accu- 
racy ill  printing  formuhe  and  taldes  are  alni<»«^t  insurmountable, 
and  many  misprints  have  undnubtt*<lly  o<*eurreil.  Such  as  may 
Imj  diM'i»ven*d  will  l»e  cornM-t«Hl  in  the  m-xt  editi«m  :  and  the 
author  will  feid  under  oldigations  to  any  of  bis  readers  who  will 
have  the  kindne«>4  to  send  him  a  not<*  of  sucli  as  tbt»v  find. 

m 

AlthdUirh  the  present  volume  is  a  e(»mpl«*t(>  treatisi*  in  itself 
of  the  priiieiplt's  iiivolvtMl  in  the  pnH*e>ses  of  Wfighing  and  meas- 
uring, it  is  also  int4*nded  to  M*n'e  as  the  fir^^t  vuliinu*  of  an 
exti'iiib'd  work  on  the  IMiilosiphy  of  Chemistry.  The  arnuigi*- 
ment  of  tb«*  ebapters  and  sti'tions  has  Immmi  adopifd  with  this 
view,  an«l  tin*  itiduetivt'  ni«*th<Hl  Ih'lmiii  in  tliis  volume  \%  ill  W  ron- 
tinut'il  tliroipjb  tin*  wbob*  work.  The  sreoiitl  \olii!u«>  \i  ill  tn*at 
of  KtLrbt  ill  it<*  ndalioii>  to  rry**tallograpby  ( inelutjitivr  Mathfuiat- 
ieal  Crv^^tallotrraiibv  ),  anil  aNo  of  Kli'i'trieitv  in  it'«  n-I.itions  to 
tMimii^trv.  Tbe  third  uiitl  \\\^\  \oIunie  \iill  lie  (>n  Stoirhiuinotrv 
and  till*  prineipit***  ttf  (*b<'nii«':il  (*la*^sirieatioii.  This  volume  is 
now  in  pr«>|>:iration,  and  «ill  U*  published  ih'Xt. 

J.  V  c. 

(*AMUKitH.r.  Ki'lirti«rr  1,  is«'i«». 
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CHEMICAL   PHYSICS 


CHAPTER    I. 

INTRODUCTION. 


(1.)  Matter,  Body,  Substance.  —  That  of  which  the  universe 
consists,  which  occupies  space,  and  which  is  the  object  of  our 
senses,  is  named  matter.  Any  limited  portion  of  matter,  whether 
it  be  a  grain  of  sand  or  the  terrestrial  globe,  is  called  a  body  ; 
and  the  different  kinds  of  matter,  such  as  iron,  water,  or  air,  are 
termed  substances.  The  number  of  distinct  substances  already 
described  is  exceedingly  large  ;  but  they  are  all  formed  by  the 
combination  of  a  few  simple  substances,  called  Elements,  or  else 
consist  of  one  clement  alone.  The  tendency  of  science  for  the 
last  fifty  years  has  been  to  increase  the  number  of  the  elements  ; 
at  present  sixty-two  are  admitted.  But  those  recently  discovered 
exist  only  in  minute  quantities  on  the  surface  of  the  globe,  and 
appear  to  play  a  very  subordinate  part  in  the  economy  of  na- 
tjire.  In  regard  to  the  essential  nature  of  matter,  or  of  the 
elements  of  which  it  consists,  wo  have  no  knowledge ;  but  we 
have  observed  the  properties  of  almost  all  known  substances, 
as  well  elements  as  compounds,  have  studied  their  mutual  rela- 
tions and  their  action  on  each  other,  and  have  discovered  many 
of  the  laws  which  they  obey. 

(2.)  General  and  Specific  Properties.  —  If  we  study  the 
properties  of  iron,  we  shall  find  that  they  may  be  divided  into 
two  classes; — one  class,  which  iron  possesses  in  common  with 
all  substances  ;  tlio  other,  which  are  peculiar  to  iron,  and  dis- 
tinguish it  from  other  kinds  of  matter.  A  mass  of  iron  occupies 
space,  —  or,  in  the  language  of  geometry,  possesses  extension; 
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it  gravitates  towards  tho  earth,  that  is,  it  has  weight.  But  ev- 
ery other  stubstunce  as  well  as  iron,  gases  and  liquids  as  well  as 
8olidi(«  {Kissess  both  extension  and  weight.  Such  ])roperties  as 
these,  which  are  coininon  to  all  kinds  of  matter,  are  called 
Genrntl  Projferties.  Ik.*s]des  these  general  proj>erties,  iron  is 
endowed  witli  other  quulities,  which  are  (peculiar  to  itself.  Thus 
iron  not  only  {Kjssesses  extension,  but  it  has  a  peculiar  crystal- 
line form.  It  not  only  jHissesses  weight,  but  every  piece  of  irou 
weighs  T.K  times  as  much  as  the  same  bulk  of  water.  It  has 
also  a  certain  hardness  and  a  familiar  lustre.  rroi)erties  like 
the  last,  which  are  {leculiar  to  a  given  substance,  and  ser^e  to 
distinguish  it  from  other  kinds  of  matter,  are  called  ^jncijic 
ProjH'rtirs, 

{l\, )  nysical  and  Chemical  Chntifffs.  —  If,  next,  we  study  the 
various  changes  to  which  all  sul»>tances  are  liable,  we  shall  find 
that  they  also  may  bo  divided  into  two  classes ;  —  first,  those 
changes  by  which  the  s|)ecific  pro|)erties  arc  not  altered ;  and,  sir- 
ondly,  those  by  which  the  s|>ecific  proi»erties  are  essentially  nuKli- 
fied,  and  the  identity  of  the  substance  lost.  Thus  a  ma^s  of  copjKT 
may  l»c  tnmsiK>rted  to  a  distant  |>art  of  the  gIol)e,  it  may  lie  di- 
vided into  exci'edingly  small  |>jirticles,  it  may  Xm  melted  and  cast 
into  nails,  it  may  Im  coined :  but  yet,  although  the  |H>sition,  the 
size,  or  the  cxttTiial  sha|ie  is  thus  eiitin*ly  changed,  those  «(uali- 
ties  which  distiniruish  copjH'r,  which  make  it  to  \*c  cop|M.T,  are 
not  alteri'd.  Water  miiv  1k.»  frozen  bv  cold  or  converted  into 
steam  bv  heat,  vet  the  water  is  not  destn»ved  ;  for  if  the  ice  l»o 
melt4Hl,  or  tlie  steam  condensed,  fluid  water  rf*ap|iears,  with  uU 
its  chanicteristic  pn)[)erties.  A  Imr  of  iron,  when  in  contact 
with  a  ma<^net,  iNvoines  itM*lf  magnetit*,  and  anpiires  the  |iower 
of  attrai'ting  small  {larticles  of  iron.  So  aNo  a  stick  of  N*aling- 
wax,  if  rulilHMl  with  a  silk  handken*hief,  Intouics  eh*<*trifiiMl,  and 
cn(h>wef|  with  the  |iower  of  attracting  light  piives  of  |m|NT :  but 
the  fieeuliar  prti|MTtiesof  inm  and  M*alinp-wax  an>  not  e^^entially 
niiNlififil  liy  tlh'M*  ehangi^s.  Such  changes,  which  do  not  de>tn»y 
the  identity  of  >ul'>taiice,  are  calli'd  l^ysival  ChuM^rf*- 

(hi  tb«*  othi*r  liaiid,  if  cop|MT  filinirs  are  heated  for  some  time 
in  contact  uitli  tlie  iiir,  thfV  fall  into  a  black  fNiwder  (oxide  of 
copfMT ) ;  if  lit'ati*d  with  hulphtiric  aciil,  tliey  ntv  conV(*rt**d  into 
a  blui*  cry«^talliii«>  H»liil  (sulphate  of  cop|KT>  ;  and  in  either  caM) 
the  jitojiiTtiea  of  cop] (iT  entirely  disapipcar.     If  steam  is  {OAsed 
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over  metallic  iron  heated  to  a  red  heat,  it  yields  a  combustible 
gas  (hydrogen).  If  an  iron  bar  is  exposed  to  moist  air,  it  slowly 
crumbles  to  a  red  powder  (iron-rust).  If  sealing-wax  is  heated 
to  a  red  heat,  it  burns,  and  is  apparently  annihilated  ;  but,  as  we 
shall  hereafter  see,  it  changes  by  burning  into  invisible  gases 
(vapor  of  water  and  carbonic  acid).  Changes  like  these,  by 
which  the  distinguishing  properties  of  a  substance  are  altered, 
and  the  substance  itself  converted  into  a  different  substance,  are 
called  Chemical  Changes. 

(4.)  Physical  and  Chemical  Properties,  —  Corresponding  to 
the  two  classes  of  changes  above  described  are  two  classes  of 
properties,  into  which  we  may  divide  the  specific  properties  of  a 
substance.  Those  properties  which  a  substance  may  manifest 
without  undergoing  any  essential  change  itself,  or  causing  any 
essential  changes  in  other  substances,  are  generally  called  Phys- 
ical Properties.  On  the  other  hand,  those  properties  which  "  re- 
late essentially  to  its  action  on  other  substances,  and  to  the 
permanent  changes  which  it  either  experiences  in  itself,  or  which 
it  effects  upon  them,"  *  are  called  Chemical  Properties.  Thus, 
among  the  physical  properties  of  iron  wc  should  include  its  great 
tenacity  and  malleability,  its  specific  gravity,  its  peculiar  lustre, 
its  great  infusibility,  the  facility  with  which  it  may  be  forged  at 
a  high  temperature,  its  power  of  transmitting  electricity  and  of 
assuming  magnetic  polarity.  Among  its  chemical  properties,  on 
the  other  hand,  we  should  enumerate  the  ease  with  which  it  rusts 
in  the  air,  the  readiness  with  which  it  dissolves  in  dilute  acids, 
its  combustibility  in  oxygen  gas,  and  many  others.  This  last 
class  of  properties  evidently  cannot  bo  manifested  by  iron  with- 
out its  losing  its  essential  properties  and  ceasing  to  be  iron. 
The  first  class,  on  the  other  hand,  do  not  involve  any  such  radi- 
cal changes. 

(5.)  Chemistry  and  Physics,  —  It  is  the  province  of  Chemistry 
to  observe  the  chemical  properties  of  substances,  and  to  study  the 
chemical  changes  to  which  they  are  liable.  Physics,  on  the 
other  hand,  deals  with  the  physical  properties  and  the  physical 
changes  of  matter.  The  study  of  Chemistry  involves  the  discus- 
sion of  at  least  three  questions  in  regard  to  each  substance.  The 
chemist  asks,  in  the  first  place.  What  are  the  specific  properties 


•  Miller's  Elements  of  Chemistry,  Part  I.,  page  2. 
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of  the  ivhitance  ?  in  Iho  second  place,  What  are  the  ekenncal 
changes  to  trhich  it  is  liable^  or  which  it  is  capable  of  prodyrinf^ 
in  other  substances-?  and,  in  tlio  third  placo,  What  are  the 
causes  of  these  chang'CSy  and  according'  to  what  laws  do  thc^ 
take  place?  An  answer  to  the  firbt  of  these  questions  must  ol>- 
viously  Ik)  obtained  l)eforc  the  chemist  can  approach  the  other 
two,  and  indeed  the  whole  of  Chemistry  is  based  upon  the  accu- 
rate observation  of  the  s|)eciric  or  distinguishing  properties  of 
substances.  Tliesc  pro[)crtics,  as  we  have  seen,  are  physical  as 
well  as  chemical,  and  when  the  substances  can  only  be  observed 
in  a  state  of  chemical  rest,  the  chemist  is  obliged  to  d4*|)eiid  on 
the  physical  characteristics  alone  in  distinguisliing  l)etween  tliem; 
and  under  all  circumstances  he  relies  upon  these  characters  to  a 
greater  or  less  degree.  Hence  the  study  of  Chemistry  necessa- 
rily implies  some  acquaintance  with  Physics,  and  a  thorough 
knowledge  of  I'hysics  will  always  be  found  useful  to  the  investi- 
gator of  chemical  phenomena.  There  are,  however,  some  portions 
of  the  subject  which  are  more  closely  connected  with  Chemistrj 
than  the  rest,  and  which,  therefore,  it  is  |>articularly  convcniont 
to  study  in  connection  with  this  science.  This  portion  of  Phys- 
ics, which  is  frequently  called  Chemical  Physics,  is  the  subject  of 
Part  I.  of  this  work.  Chemical  Physics  is  entirely  an  arbitrary 
division  of  the  science,  including  a  variety  of  subjects  which  are 
only  grou|)ed  together  because  they  are  closely  connected  with 
Chemistry  in  its  present  condition.  It  treats  more  *es|iecially  uf 
those  physical  pn)|ierties  of  matter  which  are  used  by  chemists 
in  defining  and  distinguishing  substances,  and  which,  therefore, 
it  is  exceedingly  iin|iortant  for  the  student  of  Chemistry  thor- 
oughly to  understand.  It  treats  also  of  the  action  of  heat  on 
matter,  and  of  the  various  incthtHls  by  which  the  weight  and 
volumes  of  Ixxlies,  whether  solids,  liquids,  or  gases,  are  accu- 
rately measured. 

(C.)  Force  and  Law.  —  Tlie  axiom,  that  every  change  must 
have  an  adiH|uate  cause,  leads  us  to  refer  all  the  phenomena  of 
nature  to  what  we  tonn  forces :  thus,  we  n»fer  the  fulling  of 
UmHcs  towards  the  earth  to  tlie  fon^e  of  gravitation,  the  motion 
of  a  steaiUHMiirine  ti»  the  ex|»ansive  force  of  heat,  and  the  burn- 
ing of  a  candle  to  the  fon*e  of  chemical  affinity.  The  only  clear 
conception  of  the  oritnu  or  nature  of  force  to  which  man  can 
attain,  it  derived   from  studying  those  limited   phenomena  of 
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xnatter  which  can  be  traced  back  to  human  agency.  These  phe- 
T^omena,  as  we  are  conscious,  result  from  the  mysterious  action 
of  mind  on  matter ;  and  we  are  thus  led  to  infer  that  the  grand 
phenomena  of  nature  result  in  like  manner  from  the  action  of 
the  Infinite  Mind  on  matter.  In  this  view,  force  is  only  another 
name  for  the  volition  either  of  man  or  of  Grod,  and  the  yaried 
phenomena  of  nature  are  only  the .  manifestations  of  His  all- 
pervading  will. 

A  careful  study  of  material  phenomena  frequently  leads  us 
to  the  discovery  of  unexpected  analogies  between  those  which 
seemed  at  first  sight  entirely  disconnected.    No  two  phenomena 
sure  apparently  less  related  than  the  motion  of  our  planet  through 
space  and  the  falling  of  a  stone  to  its  surface ;  and  yet  it  has 
Ineen  discovered  that  all  the  phases  of  both  phenomena  can  be  per- 
fectly explained,  by  assiuning  that  every  particle  of  matter  in  the 
-universe  attracts  every  other  particle  with  a  force  varying  directly 
38  the  mass  and  inversely  as  the  square  of  the  distance.    So  also 
the  ripj^es  on  the  surface  of  a  still  lake  have  no  apparent  resem- 
blance to  the  rays  of  light  which  play  upon  them  ;  but  neverthe- 
less it  has  been  found  that  all  the  phenomena  of  light  can  be 
fully  explained,  by  the  assumption  that  they  are  caused  by  a  sim- 
ilar undulatory  motion  in  an  ethereal  medium.    Such  generaliza- 
tions as  these,  by  which  the  phenomena  of  nature  are  linked 
together  and  in  a  measure  explained,  are  called  laws.     A  law  is 
tlie  mode  of  action  of  some  assumed  force  ;  thus,  the  law  of  gravi- 
tation is  the  mode  of  action  of  the  force  of  gravitation,  and  the  law 
of  undulations  is  the  mode  of  action  of  the  force  which  produces 
light.     But  if  force  is,  as  above  considered,  a  direct  emanation  of 
Divine  Power,  then  law  must  be  regarded  as  the  uniform  and 
unchanging  mode  of  action  of  the  Divine  Mind.     It  must  be  no- 
ticed, however,  that  what  we  call  a  natural  law  is  merely  our 
human  expression  of  the  Divine  mode  of  action  in  the  universe, 
and  that  this  is  accurate  in  proportion  to  the  extent  and  clear- 
ness of  our  knowledge  of  the  phenomena  and  of  their  relations. 
The  great  differences  which  exist  in  this  respect  are  implied  in 
the  very  language  of  science.     The  words  hi/pothesisj  theory^ 
and  law  stand  for  the  same  thing,  that  is,  our  conception  of  the 
mode  in  which  God  acts  in  nature,  and  we  use  the  one  or  the 
other  according  to  our  own  conviction  of  the  accuracy  of  our 
conception.     If  we  suppose  that  it  is  merely  possibly  correct,  or 
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only  ill  part  tnic,  wo  call  it  an  hypothesis  or  a  theory ;  hut 
if  wc  arc  fully  convinced  of  its  truth,  we  say  that  it  is  a  law  of 
nature. 

One  criterion  hy  which  we  judge  of  the  correctness  of  our 
ideas  of  the  Divine  mode  of  action  in  the  material  universe,  and 
by  which  we  determine  whether  a  proposed  explanation  of  mate- 
rial phenomena  should  bo  regarded  as  an  hy|)othesis,  a  theory,  or 
a  law  of  nature,  is  the  compieteness  with  which  it  explains  the 
class  of  phenomena  in  question.  A  law  of  nature  must  not  only 
cover  all  known  phenomena  of  the  class,  but  mus^t  alsH)  include  all 
those  which  may  hereafter  bo  discovered,  and  even  predict  their 
existence  liefore  they  are  actually  observed.  This  has  l>een  the 
case  with  the  laws  of  nature  already  discovered,  and  with  none 
more  remarkably  than  with  the  law  of  gravitation,  which  may  be 
regarded  as  the  most  perfect  of  all.  This  law  was  firyt  advanced 
by  Newton  to  explain  the  phenomena  of  planetary  motion  then 
known,  by  connecting  them  with  those  of  falling  bodies  on  the 
surface  of  the  earth.  As  Astronomy  advanced,  this  law  was  not 
only  found  able  to  explain  all  the  complicated  pert urlmt ions  of 
lunar  and  planetary  motions  as  they  were  huccessively  discovered, 
but  it  even  went  before  the  observer,  and  enabled  the  astronomer 
to  calculate  with  absolute  exactness  the  extent  and  the  periods  of 
these  irregularities  of  motion,  altiiough  it  will  require  centuries 
on  centuries  to  verify  his  results.  The  same  is  al^^o  true  of  the  not 
less  remarkable  law  of  undulations  advanced  by  Iluyghens  to  ex- 
plain the  com(»aratively  few  facts  of  optics  known  in  his  time.  As 
tliese  facts  have  l>een  rapidly  multiplied  by  the  wonderful  discov- 
eries of  Mains  and  of  Young,  the  law  has  not  only  l)een  found 
fully  adiN|uate  to  explain  all,  but  it  has  also  predicted  the  exi^tence 
of  phenomena,  which,  like  that  of  conical  refraction,  would  hardly 
have  Inmmi  noticed  had  they  not  l»cen  thus  pointed  out.  To  hy- 
|)itth<>M^s  and  theories  we  do  not  look  for  the  same  full  explana- 
tion of  all  the  facts  which  we  re<juire  of  a  law.  They  are  re- 
pttnh»d  QM  men»ly  pmvisional  expedients  in  science  until  the  law 
shall  Im»  discovoreil,  as  guesses  at  truth  before  the  tnith  is  known. 
I^aws  havf*  lieen  saitl  to  l>e  the  thoughts  of  Ood  manifested  in 
natun'  and  oxpress«»d  in  human  language.  Hypotheses,  then, 
are  our  fip*t  im|H*rf«'ct  comprehensions  of  these  tlioughts.  They 
are  alM>  the  ^hatlowing  forth  of  laws,  and  the  progress  of  science 
has  always  been   from  the  dim  glimmerings  of  truth  in  the 
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hypothesis  and  the  theory,  to  the  full  light  of  knowledge  in  the 
law. 

Another  criterion  of  the  validity  of  a  law,  no  less  important 
tlian  the  one  we  have  considered,  is  to  be  found  in  the  analogies 
of  nature.  The  force  of  analogy  is  the  great  directing  principle 
iu  the  mind  of  the  successful  student.  It  is  this  which  leads 
him  to  pronounce  some  theories  unsound,  although  apparently 
sustained  by  facts,  and  to  accept  others,  which,  although  not  fully 
verified  by  experiment,  are  yet  in  harmony  with  the  general  plan 
and  order  of  creation,  and  with  those  convictions  of  the  truth 
which  are  based  on  an  enlarged  knowledge  and  an  extended  ob- 
servation of  natural  phenomena. 

In  thus  defining  law  as  the  thoughts  of  God  manifested  in  na- 
ture, and  force  as  tlie  constant  action  of  his  infinite  will,  we  must 
be  careful  to  remember  that  this  is  a  conclusion  of  metaphysical 
rather  than  of  physical  science.  The  demonstrations  of  physical 
science  unquestionably  point  to  the  same  result ;  but  it  is  the 
goal  towards  which  they  tend,  rather  than  one  which  they  have 
attained.  In  the  present  condition  of  science,  we  are  obliged  to 
use  language  which  implies  the  existence  of  separate  and  dis- 
tinct forces  ;  but  this  is  unimportant  so  long  as  we  keep  the  truth 
in  view,  and  do  not  allow  ourselves  to  be  led  into  materialism  by 
the  unavoidable  imperfections  of  scientific  language. 


CHAPTER    II. 


GENERAL  PROPERTIES  OF  MATTER. 


(7.)  Essentia!  and  Accidental  Properties.  —  Of  tho  gonerml 
properties  of  matter,  I  shall  consider  in  tins  chapter  the  follow- 
ing, which  are  common  to  all  bodies,  solids,  fluids,  and  gases, 
and  which  it  is  important  for  us  to  study  early  in  our  course :  — 

Esfeniial  Properties,  Accidentai  Propertiei. 

1.  Extension,  impljriug,        4.  Weight. 

a.  Volume.  5.  Divisibility. 

b.  Density.  6.  Porosity. 

2.  Impenetrability.  7.  Compressibility  and  Expansibility. 
8.  Mobility.  8.  Elasticity. 

The  first  three  of  these  properties  are  evidently  more  essential 
than  the  rest.  We  cannot  conceive  of  a  kind  of  matter  which 
would  l>e  destitute  of  them.  Attempt  to  conceive  of  a  variety 
of  muttor  which  would  not  occupy  s|)ace,  which  would  not  resist 
an  effort  to  condense  it  into  a  smaller  volume,  or  which  would  be 
incapable  of  motion,  and  it  will  be  seen  at  once  that  tliese  prop> 
erties  fonn  an  essential  part  of  the  very  idea  of  matter.  The 
last  five  are  as  universal  properties  of  matter  as  the  first  three ; 
but  thev  do  not  seem  to  our  minds  to  be  so  essential,  for  we  can 
conceive  of  matter  whicli  would  not  [K>ssess  them.  It  is  not 
difhcnlt  to  conceive  of  matter  without  weight,  so  hard  as  to  be 
ihdivi>ible.  at  least  in  a  plly^ical  sense,  without  pores,  incom- 
pressil^le.  and  tlien»fore  unelaiitic.  Indee<l,  some  |»li>>icists  refer 
the  phenonii*na  of  liirht  and  heat  to  an  imponderable  variety  of 
matter,  and  the  Atomic  Tlu^ory  sup|¥)ses  that  the  assumed  atoms 
an*  indtvi^ibU^  inconlp^'^^ibU^  and  without  ]K)res. 

(  H. )  Ilrtrnsion  and  Volume,  —  When  we  say  that  matter  has 
extension^  we  m<*n*ly  mean  that  it  o<*cupies  space,  and  the  amount 
of  s|Mice  which  a  friven  IrkIv  occupies  we  call  its  volume.  We 
may  btudy  extension  without  any  reference   to  tho  matter  of 
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which  it  is  a  property,  and  we  shall  thus  arrive  at  the  principles 
of  Geometry.  —  This  science  distinguishes  three  degrees  of  ex- 
tension :  the  solid,  or  extension  in  three  dimensions ;  the  surface, 
or  extension  in  two  dimensions ;  and  the  line,  or  extension  in 
one  dimension. .  Only  the  first  of  these,  however,  can  be  said  to 
be  represented  in  matter,  for  a  surface  is  onlj  the  boundary  of  a 
solid,  and  a  line  Uie  boundary  of  a  surface. 

(9.)  The  Measure  of  Extension.  —  In  order  to  measure  the 
Volume  of  a  solid,  the  Area  of  a  surface,  or  the  Length  of  a  line, 
we  adopt,  some  arbitrary  unit  of  extension  of  the  same  order,  and 
by  the  principles  of  (Jeometry  compare  all  other  extensions  with 
it.  The  unit  of  length  is  the  only  one  which  must  be  arbitrary, 
because  we  can  use  a  square  of  this  unit  in  measuring  surfaces, 
and  a  cube  of  this  unit  in  measuring  solids.  Various  units  both 
of  length  and  of  volume  have  been  adopted  in  different  countries. 
Of  the  numerous  systems  of  measure  there  are  two  which  it  is 
important  for  us  to  study. 

ENGLISH   SYSTEM   OF  MEASURES. 

(10.)  Units  of  Length.  —  The  unit  of  length  which  has  been 
adopted  in  this  country  is  the  same  as  that  of  England.  It  is 
called  a  yard^  and  is  said  to  have  been  introduced  by  King  Henry 
the  First,  "  who  ordered  that  the  ulna  or  ancient  ell,  which 
corresponds  to  the  modern  yard,  should  be  made  of  the  exact 
length  of  his  own  arm,  and  that  the  other  measures  of  length 
should  bo  based  upon  it.  This  standard  has  been  maintained 
without  any  sensible  variation,  and  is  the  identical  yard  now  used 
in  the  United  States,  and  is  declared  by  an  act  of  Parliament, 
passed  in  June,  1824,  to  be  the  standard  of  linear  measure  in 
Great  Britain."  *     The  clause  in  the  act  is  as  follows  :  — 

*'  From  and  after  the  first  day  of  May,  1825,  [subsequently 
extended  to  the  first  of  January,  1826,]  the  straight  line,  or  the 
distance  between  the  centres  of  the  two  points  in  the  gold  studs 
in  the  straight  brass  rod  now  in  the  custody  of  the  clerk  of  the 
House  of  Commons,  whereon  the  words  and  figures  '  Standard 
Yard,  1760,'  are  engraved,  shall  be  the  original  and  genuine 
standard  of  length  or  lineal  extension  called  a  yard ;  and  the 


*  Hunt's  Merchant's  Magazine,  Vol  IV.  p.  334. 
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same  strnipht  lino,  or  distanco  Iwtwccn  the  centres  of  the  said  two 
|M>ints  in  the  Fnid  gold  studs  in  the  said  brass  rod,  the  brass  licing 
at  the  t«Mn|>cniture  of  sixty-two  degrees  by  Fahrenheit's  ther- 
mometer, sliall  Im?  and  is  hereby  denominated  the  *  Imperial 
Yard,'  and  shall  Ik?  and  is  hereby  declared  to  bo  the  unit  and 
only  stiuidanl  measure  of  extension,  wherefmm  or  whereby  all 
other  measures  of  extension  whatsoever,  whether  the  same  Ik) 
lineal,  suiM*rfieial,  or  solid,  shall  1h5  derived,  computed,  and  ascer- 
taineil ;  and  tliat  all  measures  of  Length  shall  Ik3  taken  in  parts 
or  multiples  or  certain  proi)orti<ins  of  tho  said  standard  yard ; 
and  that  one  third  part  of  tlie  said  standard  shall  l>e  a  foot,  and 
th<>  twelfth  {Kirt  of  such  foot  shall  Ih3  an  inch  ;  and  that  the  {lolo 
or  |NTeh  in  length  shall  contain  five  and  a  half  such  yanls,  the 
furlong  two  hundred  and  twenty  such  yards,  and  tho  mile  one 
thousimd  seven  hundred  ami  sixtv  such  vards." 

And  the  art  fnrtlnT  divlares,  that  *' if  at  any  time  hereafter 
the  said  im|N'rial  standard  yard  shall  l>e  lost,  or  shall  l>c  in  any 
inanntT  di?stroye<l,  d<»fac(*d,  or  otherwise  injured,  it  shall  1)C  re- 
stored by  making,  umb'r  the  direction  of  the  Lords  of  the  Treas- 
ury, a  n<'W  standanl  yard,  U^aring  the  pro|M>rtion  to  a  {)endulum 
viltrating  s«von<ls  of  mean  time  in  the  latitude  of  London  in  a 
va(*uum  and  at  tho  l(*vel  of  the  sea,  as  30  inches  to  81K1393 
jnche*«. 

The  event  contemplated  l>y  the  last  clause  of  the  act  actu- 
ally hap|M'ned  in  loss  than  ten  years  after  its  p:ussage,  for  the 
standanl  was  destn)y<Ml  by  the  fire  which  consume<l  the  Par- 
liamrnt  IIous4»  in  1H:U.  It  was  then  found  that  this  clause 
was  entirely  nugatory,  and  that  the  country  was  left  without  a 
b'gid  stantlanl :  for  th«*  restoration  of  the  lost  yard  couhl  not  be 
cffi'ctiMl  with  any  tob»nible  certainty  in  the  manner  prescrilwd  by 
the  act.  The  m«Nisunrment  of  the  «?conds  {lendulum,  which  was 
m'id«»  the  basis  of  the  {peremptory  enactment,  was  executed  with 
extraordinary  pn*eaution  and  skill  by  Captain  Katcr ;  but  this 
m«»asunMnrnt  was  subs«*<|uently  found  to  Ik?  incorrect,  owing  to 
th«*  n«*i;bN*t  (if  certain  pnM\'intion!i  in  tho  detennination  of  the 
Irnirtli  of  ilie  |»enduluni,  which  more  recent  ex|M*riments  have 
shf»wn  to  Im»  in<li*>|MMisulile.  ()u  account  of  t best*  sijurces  of  error, 
tlu»  vard  cnuld  not  U?  n»ston»d  with  ciTtaintv  in  the  t»rescrilMHl 
manner  within  one  tiv«^hundnMlth  of  an  inch,  an  amount  which, 
although  inappreciable  in  all  unlinary  measurements,  is  a  large 
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error  in  a  scientific  standard.  Tlie  commissioners  appointed,  in 
1838,  "  to  consider  tlie  steps  to  be  taken  to  restore  tlie  lost 
standard,"  recommended  the  construction  of  a  standard  yard,  and 
four  "  ParliametUary  copies^^^  from  tlie  l)est  authenticated  copies 
of  tlie  im[ierial  standard  yard  which  tlien  existed.  They  also 
prescribed  the  manner  in  which  the  standard  and  the  four  Par- 
liamentary copies  should  be  preserved,  and  recommended  further 
that  authenticated  copies,  prepared  with  all  the  refmcmcnts  of 
modem  art,  should  be  distributed  throughout  the  realm,  and 
placed  in  the  custody  of  certain  government  officers.  The  recom- 
mendations of  this  commission  have  ui  general  been  followed,* 
and  by  an  act  of  Parliament,  which  received  the  royal  assent 
July  30,  1855,  the  restored  standard  yard  was  legalized. 

The  actual  standard  of  length  of  the  United  States  is  a  brass 
scale  eighty-two  inches  in  length,  prepared  for  the  survey  of 
tlie  coast  of  the  United  States,  by  Troughton  of  London,  in  1813, 
and  deposited  in  the  Office  of  Weights  and  Measures  at  Wash- 
ington. The  temperature  at  which  this  scale  is  a  standard  is 
62®  Fahrenheit,  and  the  yard  measure  is  between  the  27th  and 
63d  inches  of  the  scale.f  From  recent  comparisons  of  this  ecalo 
with  a  bronze  copy  of  the  new  British  standard,  presented  to  the 
United  States  by  the  British  government,  it  appears  that  the  Brit- 
ish standard  is  shorter  than  the  American  yard  by  0.00087  of  an 
iuch,  —  a  quantity  by  no  means  inappreciable.  Carefully  adjust- 
ed copies  of  the  United  States  standard  yard  have  been  prepared, 
bv  the  order  of  Congress,  under  the  direction  of  Professor  A.  D. 
Bache,  Superintendent  of  Weights  and  Measures,  and  distributed 
to  the  different  States  of  the  Union  ;  but  up  to  1859  the  standard 
had  not  been  defined  by  any  act  of  Congress.  The  subdivisions 
and  multiples  of  the  yard  arc  given  in  Table  1.  at  tlie  end  of 
this  volume,  with  their  respective  numerical  relations. 

(11.)  Units  of  Surface  and  of  Volume.  —  All  the  English 
units  of  surface  are  squares  whose  sides  are  equal  to  the  units  of 
length,  with  the  exception  of  a  few,  which,  liice  the  jjcrch  or  the 
acre,  are  used  in  the  measurement  of  land,  and  in  other  coarse 
iDcasurcments.     The  square  inch  is  the  most  convenient  unit  of 


•  Account  of  the  Construction  of  the  New  National  Standard  of  Lcnpth  and  of  its 
principal  Copies.  By  G.  B.  Airy,  Emj.,  Astronomer  noyal.  Philosophical  Tran&ac- 
twn*  of  the  Koyal  Societ}-  of  London,  Vol.  CXLVII.  p.  621. 

t  Report  of  the  Secretary  of  tlie  Treasury  on  Weights  and  Measures,  34th  Cougrcss, 
3d  ScMioo.     Ex.  Doc.  No.  27,  1857. 
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surface  for  scientific  purposes.    The  circular  inch  is  also  some> 
times  used  by  engineers. 

When  volume  can  be  calculated  from  linear  measurements  by 
the  principles  of  Geometry,  it  is  usual  to  estimate  it  in  cubic 
yards ^  cubic  feet yOT  cubic  inches^  and  it  is  in  this  way  tliat  earth- 
work and  masonry  are  measured.  In  measuring  the  Tolume 
of  gases,  li(piids,  and  of  many  varieties  of  solids,  however,  an 
arbitrary  unit  is  more  frequently  employed.  Several  such  units, 
entirely  independent  of  each  other,  were  formerly  used  in  dif- 
ferent trades ;  but  tbe  Imperial  Gallon,  established  by  an  act 
of  Parliament,  has  l>ee!i  substituted  for  all  other  arbitrary  meas- 
ures of  volume.  It  is  ecpial  to  277.274  cubic  inches,  and  con- 
tains ten  avoirdu[>oiH  pounds  of  water  at  62^  of  the  Fahrenheit 
thermometer.  A  ta))le  showing  the  relations  of  the  units  both 
of  surface  and  of  volume,  will  be  found  in  connection  with  the 
table  of  linear  measure. 

FRENCH   SYSTEM   OP   MEASURES. 

(12.)  History, — The  decimal  metrical  system  of  France  origi- 
nated with  her  Revolution.  ^^  It  is  one  of  those  attempts  to 
improve  the  condition  of  human  kind,  which,  should  it  ever  be 
destint*d  ultimately  to  fail,  would  in  its  failure  deserve  little  lett 
admiration  than  in  its  success.**  *  Previous  to  the  Revolution, 
he  metrical  system  of  France  was  even  more  complex  than  tliat 
of  England,  almost  every  province  having  distinct  standards  of 
weight  antl  measure  of  its  own,  —  a  condition  of  things  which 
was  productive  of  the  most  serious  inconveniences  in  trade  and 
commerce.  The  first  efftjctive  movement  to  refonu  this  extreme 
diversity  was  made  by  Talleyrand  in  the  Constituent  Assembly 
of  171H),  and  the  new  system  was  develo|)ed  by  a  commission 
of  menilH?ni  of  the  Acaih»my  of  Scienoi^s,  consisting  of  Ik>rda, 
[jagrange,  Laplace,  Monge,  and  Condoreet.  In  their  refwrt, 
which  ap[)eanMl  in  the  following  year,  they  proposed  that  the 
ten-millioHth  part  of  thr  quadrant  of  a  meridian  of  the  g^iobc 
should  Ih?  adoptiMl  as  the  basis  of  a  new  metrical  systi^m,  and 
calhsl  a  Mt'trr  ;  that  the  sulHlivi^iions  and  multiples  of  all 
measun*s   should   1)0   made   on  the  decimal   system  ;    that,   in 


*  RrfMirt  uftnn  WriirhCi  mm!  Mra^uirt,  hj  John  Qviarj  AdtaoMn  which  naj  be  coo- 
Miltrd  fur  A  fan  hblorj  of  ihit  •uhject. 
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order  to  determine  the  metre,  an  arc  of  the  meridian,  extend- 
ing from  Dunkirk  to. Barcelona,  six  and  a  half  degrees  to  the 
north  and  three  degrees  to  the  south  of  the  mean  parallel  of  45^, 
should  be  measured,  and  that  the  weight  of  a  cubic  decimetre  of 
distilled  water  at  the  temperature  of  melting  ice  should  be  deter- 
mined and  adopted  as  the  unit  of  weight.    They  also  proposed 
a  new  subdivision  of  the  quadrant  into  one  hundred  degrees, 
the  degree  into  one  hundred  minutes,  and  the  minute  into  one 
hundred  seconds.    This  report  was  accepted,  and  the  execution 
of  the  great  work  was  intrusted  to  four  separate  commissions, 
including  the  names  of  the  most  celebrated  men  of  science  of 
France.     The  measurement  of  the  arc  was  assigned  to  De- 
bunbre  and.M^chain,  and  the  determination  of  the  weight  of 
water  to  LefSvre^Gineau  and  Fabbroni. 

Delambre  met  with  great  difficulties  in  tf^e  measurement  of  the 
French  portion  of  the  arc.     The  work  was  commenced  at  the 
most  violent  period  of  tlie  Revolution,  and  was  repeatedly  ar- 
rested by  the  suspicions  of  the  people  and  the  fickleness  of  the 
government.     But,  after  repeated  interruptions,  the  work  was 
completed  in  1796,  when  the  whole  of  the  records  of  the  survey 
were  submitted  to  a  special  commission,  consisting  of  Delambre, 
M^hain,  Laplace,  and  Legendre,  of  France,  Von  Swindon,  of 
Holland,  and  Trallds,  of  Switzerland,  who  found  the  length  of 
the  metre  to  be  443.259936  lignes.^ 

Tlie  determining  of  the  unit  of  weight  led  to  a  most  impor- 
tant discovery.  The  commission  discovered  that  water  was  most 
dense,  not,  as  had  been  previously  supposed,  at  the  temperature 
of  melting' ice,  but  at  a  temperature  nearly  five  degrees  of  the 
centigrade  scale  higher.  They  therefore  determined  the  weight 
of  a  cubic  decimetre  of  distilled  water  at  its  greatest  density,  and 
not,  as  had  been  first  proposed,  at  0"* ;  and  to  this  weight  was 
given  the  name  of  Kilogramme.  On  the  19th  of  August,  1798, 
the  original  metre  and  kilogramme  were  presented,  with  an  ad- 
dress, to  the  two  councils  of  the  legislative  body. 

In  order  to  avoid  sources  of  error  which  might  arise  from  the 
ellipticity  of  the  earth,  the  measurement  of  the  arc  from  Dunkirk 
to  Montjouy  (Monjuich),  near  Barcelona,  was  subsequently  ex- 
tended by  Biot  and  Arago,  in  accordance  with  the  original  design 

*  The  French  standard  then  in  me. 
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of  M<*chain,  to  Formcntcra,  one  of  tlio  Balearic  Isles,  so  as  to  com- 
prehend an  arc  of  more  than  twelve  degrees  between  the  extreme 
stations,  which  would  be  almost  exactly  bisected  bjr  the  parallel  of 
4,V  ;  it  being  well  known  that  from  the  lengtli  of  any  giveii  arc 
which  is  bisected  by  the  [mrallel  of  ii)"*  may  be  deduced  a  lengtli 
of  a  (juadrant  of  a  meridian,  and  therefore  of  the  metre,  which 
would  Ik*  independent  of  the  eartlfs  cllipticity.  The  obserxations 
of  Biot  and  Arago  were  calculated  by  tlie  same  methods  prescrilied 
by  Delambre  in  the  previous  sur>'ey,  and  the  result  appeared  to 
verify  the  accuracy  l>oth  of  the  method  and  of  the  original  work, 
since  the  length  of  the  metre,  which  w*a8  the  result  of  the  entire 
arc  l»etween  Dunkirk  and  Formentera,  was  found  to  In)  almost 
identical  with  that  which  had  been  previous^ly  determined.  Tlie 
[)erfect  accuracy  of  the  base  of  the  French  metrical  system 
seemed  thus  to  be  eslabliiihed  ;  but,  unfortunately,  later  exam- 
inations have  not  verified  this  conclusion. 

In  the  year  1838,  Puissant,  who  was  then  engaged  in  con- 
stnicting  the  Carie  Orif^^raffhique  de  la  France^  announced  tliat 
there  existi^d  an  important  error  in  the  calculated  length  of  the 
arc  of  the  meridian  on  which  the  length  of  the  metre  was  based, 
and  that  the  calculated  metre  differed  from  the  one  ten-millionth 
[Hirt  of  the  quadrant  —  the  metro  by  definition  —  by  -^^^  of  tlie 
whoh* ;  and  that  the  provisional  metre  hastily  adopted  on  the  1st 
of  August,  171*3,  during  the  heat  of  the  Revolution,  and  Imsed 
on  an  old  measurement  of  an  arc  of  the  meridian  by  Lacaillc, 
was  in  reality  more  accurate  than  that  which  was  establislied  by 
the  lalN»rs  of  the  great  commission.  Puissant*s  results  were  sul^ 
KH|uently  verified  by  a  careful  re-examination  of  the  calculations 
of  the  c«)nlnu^siol^  when  it  ap|ieared  that  the  error  he  had  de- 
tectinl,  great  as  it  was,  resulted  fn>m  two  greater  ernirs,  which 
had  in  |Mirt  Imlanced  t*acli  other  in  the  final  n*sult.  It  was  not, 
howevtT,  thought  liest  to  correct  the  leii(rtli  of  the  actual  metns 
and  it  still  nMnains  the  same  as  that  ad(»[»ted  by  the  commission. 
Thu*i,  then,  it  ap|M*iirs  that  the  metre  of  France  is  no  less  an  ar- 
bitrary standanl  of  nieiisure  than  the  English  vanl,  and  that,  like 
tho  last,  if  destroyed,  it  cnnnot  In?  restored  in  confonnity  to  it3 
definition.  Like  all  oth«T  n*sults  of  human  lal^or,  it  liears  the 
mark  of  iin|ierfection  and  fallibility;  and  the  singular  history* 


•  Sr«r  tJir  t^htiliuryh  lU'^icw,  Vul.  LXXVII.  y{gt  tk%,  for  a  full  Acownt  of  iliit 
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of  the  work  teaches  most  impressively  tlie  limitation  and  uncer- 
tainty of  the  best  himian  powers  of  observation  and  reasoning. 

(13.)  Subdivisions  and  Multiples  of  the  Metre.  —  The  subdi- 
visions and  multiples  of  the  metre  are  all  decimal.  The  names 
of  the  multiples  are  derived  from  the  Greek  numerals,  and 
those  of  the  subdivisions  from  the  Latin.  They  are  as  fol- 
lows :  — 

Aleasttrts  of  Length, 

Kilometre    =  1000  metres.  Metre  (m.)  =  1.000  metre. 

Hectometre  =   100      "  Decimetre  (d.  m.)  =  0.100     " 

Decametre  =     10      "  Centimetre  (cm.)  =.0.010     " 

Metre  =       1      "  Millimetre  (m.m.)=  0.001     " 

In  this  work,  tlie  abbreviations  in  the  table  will  be  used  to  desig- 
nate tliese  units  of  length. 

(14.)  Units  of  Surface  and  of  Volume. — The  French  units  of 
surface  are  squares  whose  sides  are  equal  to  the  units  of  length. 
Tlicy  are  named  squares  of  these  units,  and  will  be  designated  by 
tlie  abbreviations  as  above  with  an  exponent  2 ;  thus,  5  m~.'  stands 
for  five  square  metres,  and  3 cm.*  for  three  square  centimetres. 
The  common  French  measure  of  land  is  tlie  square  decametre^ 
which  is  called  an  are^  and  the  names  of  its  decimal  multiples 
and  subdivisions  are  formed  like  those  of  the  metre. 

The  units  of  volume  are  in  like  manner  cubes  of  the  units 
of  length,  and  are  named  cubic  metres,  cubic  centimetres,  etc. 
Tliey  will  be  designated  as  before,  using  the  exponent  8 ;  thus, 
5  c  m.*  stands  for  five  cubic  centimetres.  The  cubic  decimetre  is 
the  common  measure  of  liquids,  and  is  called  a  litre  =  0.001  m.'. 
So  also  the  cubic  metre,  which  is  the  measure  for  bulky  materials, 
such  as  fire-wood,  has  received  the  separate  name  stere.  Both  the 
litre  and  the  stdre  have  decimal  multiples  and  subdivisions  named 
like  those  of  the  metre.  The  very  simple  decimal  relations  of 
tlie  French  system  render  it  exceedingly  valuable  in  all  scientific 
calculations,  and  it  will  therefore  be  exclusively  used  in  this 
book.  The  relation  between  the  French  and  English  units  is 
given  in  Table  I.,  and  with  the  aid  of  the  annexed  logarithms  the 
reduction  from  one  to  the  other  can  easily  be  made.  A  similar 
table  has  also  been  added,  which  gives  the  means  of  reducing 
the  metre  to  several  of  the  most  important  standards  in  use  on 
tlie  continent  of  Europe. 

2» 
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Tlic  methods  of  determining  approximcUely  length,  siirfuce,  and 
solidity,  by  means  of  the  units  of  measure  just  described,  are 
known  to  all  who  have  studied  Geometry,  and  need  not  tliero- 
fore  bo  described.  When  great  accuracy,  however,  is  required, 
as  in  most  scientific  investigations,  these  methods  become  lets 
sim|>le,  and  cannot  be  fully  understood  until  the  student  is  famil- 
iar with  the  action  of  heat  on  matter.  This  will  be  described  in 
the  chapter  on  Weighing  and  Measuring. 

(15.)  Density  and  Mass.  —  The  idea  of  volume  involves  that 
of  densiiy^  since  a  given  volume  may  be  filled  with  a  greater  or 
a  less  amount  of  matter.  The  amount  of  matter  contained  hi  a 
cubic  centimetre  of  hydrogen  gas,  for  example,  is  many  thousand 
times  less  than  that  which  fills  a  cubic  centimetre  of  gold.  As 
used  in  Physics,  the  word  density  means  the  amount  of  matter 
containcil  in  the  unit  of  volume.  This  quantity  will  always  be 
rcprejicnted  by  D. 

The  amount  of  matter  which  a  body  contains  is  termed  its  masSy 
and  is  represented  by  3/.  For  example,  the  amount  of  matter 
which  the  sun,  the  earth,  a  locomotive,  a  cannon-ball,  or  a  grain 
of  sand  contains,  is  called  the  mass  of  that  body.  When  the 
body  is  homogeneous,  there  is  a  very  simple  relation  between  its 
mass  and  its  density.  Its  density,  as  we  have  seen,  is  the  amount 
of  matter  which  one  cubic  centimetre  of  the  body  contains.  Its 
mass  is  the  amount  of  matter  which  the  whole  body  contains. 
If,  thiMi,  we  represent  by  Kthe  volume  of  the  body,  that  is,  tlie 
numl»er  of  cubic  centimetres  which  it  occupies,  it  follows  tliat 

M=Dr.  [1.] 

This,  translated  into  onlinary  language,  means  that  the  amount 
of  matter  which  a  ImhIv  contains  is  e<|ual  to  the  amount  of  nuitter 
which  one  cubic  centimetre  of  the  iMxiy  contains,  multiplied  by 
the  numl>er  of  cubic  centimetres  which  the  liody  occupies.  Tlie 
mass  of  a  Innly  is  determined  fn)m  its  weight  ;  for  it  will  be 
hereafter  pmveil  that  the  weight  of  a  IkkIv  is  proportional  to  tlie 
amount  of  matter  it  contains.  It  must,  however,  Im  carefully 
k<*pt  in  mind,  that  wei^rht,  although  pro|>ortional  to  mass,  is  not 
the  ma>s,  just  a<i  the  arc  of  a  cin*l«'  is  an  entirely  different  quan- 
tity  fn>m  the  angle  which  it  measures. 

From  equation  [1]  wo  olitain  D  as  '    ;    that   is,   the    density 

is  the  mass  of  the  unit  of  volume,  or,  as  al)ove,  ttie  amount  of 
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matter  in  the  unit  of  rolume.  In  order  to  estimate  mass  and 
density,  we  assume  a  certain  amount  of  matter  as  a  unit  of  mass 
and  compare  all  other  amounts  with  it.  When  we  say  that  tlie 
mass  of  a  given  volume  of  iron  is  10,  we  mean  that  the  amount 
of  matter  it  contains  is  ten  times  as  great  as  tlie  amount  of  matter 
contained  in  this  assumed  unit  of  mass.  In  like  manner,  when 
'we  say  that  the  density  of  mercury  is  equal  to  1.C86,  we  mean 
that  one  cubic  centimetre  of  mercury  contains  1.386  times  as  much 
matter  as  the  unit  of  mass.  In  every  case,  the  numbers  express- 
ing mass  and  density  stand  for  units  of  mass.  Tlic  unit  of  mass 
is  derived  from  the  unit  of  weight,  as  will  be  explained  in  tlie 
section  on  Gravitation. 

The  terms  Mas$  and  Density  will  be  constantly  used  througl:- 
out  this  work,  and  their  meaning  should,  therefore,  be  clearly 
impressed  upon  the  mind. 

(16.)  Impenetrability, — Matter  not  only  occupies  space,  but  it 
also  resists,  with  differing  degrees  of  force,  any  attempt  to  reduce 
it  into  a  smaller  volume.  Thus,  one  litre  of  air  can  be  made  to 
occupy  a  volume,  so  far  as  we  can  see,  indefinitely  smaller,  but 
only  by  great  mechanical  force.  This  resistance  which  all  bodies 
offer  to  any  attempt  to  condense  them,  is  termed  Impenetrability. 

PROBLEMS. 

1.  What  is  the  length  of  one  degree  on  the  meridian  at  the  latitude  of 
45®  in  French  linear  measure  ? 

2.  The  latitude  of  Dunkirk  was  found  by  Delambre  to  be  51^  2'  9"; 
that  of  Formentera,  as  determined  by  Biot,  is  38**  39'  5G".  What  is  tlie 
distance  between  these  parallels  in  metres  ? 

3.  The  distance  between  the  parallels  of  Dunkirk  and  Formentera,  as 
determined  by  triangulation,  is  730,430  toises  of  8G4  Ixgnes  each.  What 
is  the  length  of  a  metre  in  fractions  of  a  toise,  and  in  lignes  ? 

4.  The  equatorial  and  polar  diameters  of  the  globe  are  to  each  other  in 
the  proportion  of  299.15  to  298.15.    What  is  the  length  of  each  in  metres  ? 

5.  Had  the  decimal  division  of  the  circle  mentioned  on  page  15  been 
adopted,  what  would  have  been  the  length  of  one  degree,  one  minute,  and 
one  second  in  metres  ? 

6.  To  how  many  cubic  centimetres  do  ^vq  litres  correspond  ?  To  how 
many  do  3.456  litres,  0.0034  litre,  and  5.674  litres  correspond  ? 

7.  To  how  many  cubic  metres  do  564.82  litres,  3240.85  litres,  0.675 
litre,  and  0.032  litre  correspond  ? 

8.  A  box,  measuring  ten  centimetres  in  each  direction,  will  hold  how 
many  litres,  and  what  portion  of  a  cubic  metre  ? 
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9.  Itcduce,  b;  mcani  of  (he  tabic  tU  the  end  of  the  book,  — 

a.  30  inchM  to  fnctioni  of  a  metre. 
k.  7C  ecniimetre*  to  Knglbh  incheA. 
r.  36  feet  to  metreii. 

d,  10  motret  to  feet  ftnd  inches. 

10.  Redure,  by  means  of  the  table  at  tho  end  of  the  book,- 

a.  B  lb*.  C  OS.  to  gnunme*. 

b.  7640  grammef  to  Englith  apothecaries'  weight. 
r.  4a  grains  to  grammes. 

11.  Rcduee,  by  means  of  the  table  at  the  end  of  the  book,— 
a.  4  pints  to  litres  and  cnbic  centimetres. 

A.  5  gallons  to  litres  and  coIhg  centimetres. 

e.  5  litres  to  English  measure. 

d.  4  cubic  centimetres  to  &)glish  measure. 


(17.)  Poxitha. — We  conceive  of  a  body,  not  only  as  occtipyiog 
a  certain  fmrtio:!  uf  s{iacc,  but  aim  as  cxUtinf^  in  upoce,  and  there- 
fore an  boiiifi  ill  a  delernitiiato  Position  vitli  reforcnce  to  otlicr 
bodice.  A  Itook,  for  example,  not  onljr  fills  a  certain  amount 
of  space,  but  also  holds  a  certain  position  witli  refcrciicfl  to  ttie 
surface  uf  the  table  on  wbicli  it  \'h-h,  or  with  roforeiico  to  tlie 
walU  of  tlic  room  in  wliJL-h  tlio  table  stands.  ]f  we  select  a 
point  of  that  liook,  ita  position  on  the  tublo  can  easily  bo  de- 
fined  by  ineasuriiig  iUi  diNtancc  fi-uiii  each  of  two  adjacent 
ed|;i-9  of  the  table  ahtng  a  line  panillel  to  tho  other  of  tlie 
two  edges,  and  its  pwition  in  the  room  can,  in  liko  manner, 
lie  defined  by  meoKuring  itii  distance  from  two  atljacent  vaili 
and  tho  ceiling  along  lines  parallel  to  the  three  edges  formed 
by  tli'j  in  -eling  of  tlie^<e  thr<.H>  surfaces.  This  is  th«  method 
most  commonly  u^d  in  Geometry  of  defining  the  positioa 
of  a  {M>iiit.  T)io  dititanccs 
which  deterniiiio  (ho  position 
of  a  point  are  called  co-onli- 
natrf,  and  the  edges  and  sitr 
faec«  to  which  t)ie  position  it 
referred  are  called  coordinate 
asrf  and  ciy^trdiiutU  plamrt. 
In  Fig.  1,  tho  poMlion  of  tho 
point  p  is   dctenniiiod   bf  tlie 
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distances  pb  =b  and  pa  =  a  from  tlie  two  co-ordinato  axes  o  x 
and  oy;  and  in  Fig.  2,  the  position  of  the  Eame  point  is  determined 
liy  tlio  distances p  c  =c,  p6^6,aud;)a^a  from  the  ploues  xy, 
:t:  z,  and  y  z.    lu  Part  II.  of 
tliis  work,  the  use  of  co-ordi- 
nates will  be  fullj  illustrated 
in  their  application  to  the 
study  (rf  crystallography. 

The  position  of  points  on 
tlie  surface  of  the  globe  is 
referred  to  tlie  equator  and 
the  meridian  of  Grecnvich. 
In  this  case,  however,  the 
position  is  not  defined  by  "'^ 

the  distance  from  these  planes,  as  in  the  example  just  taken,  but 
by  the  latitude  and  longitude;  the  first  being  tlie  angular  dis- 
tance of  the  place  from  the  equator  measured  on  its  own  merid- 
ian, and  the  second  the  angle  made  by  its  meridian  with  that  of 
Greenwich.  In  like  manner,  tho  position  of  a  body  in  the  solar 
system  is  defined  by  stating  its  distance  from  the  sun  and  its  aiign- 
lir  position  with  reference  to  the  ecliptic  and  the  vernal  equinox, 
to  which  its  heliocentric  latitude  and  longitude  are  referred. 

(18.)  Mobitily.  —  The  idea  of  position  necessarily  involves 
that  of  change  of  position,  which  we  call  motion.  We  cannot, 
for  example,  conceive  of  tho  book  as  having  a  definite  position  on 
the  table,  without  also  connecting  with  it  the  idea  that  its  posi- 
tion could  be  changed,  or,  in  other  words,  that  it  could  move. 
A  body  is  said  to  be  moving  when  it  is  constantly  changing  its 
position  witli  reference  to  the  co-ordinate  lines  to  which  its  posi- 
tion is  referred  ;  and  when  no  such  change  is  taking  place,  it  is 
Baid  to  be  at  rest.  Best  and  motion  arc  relative  terms;  for  abso- 
lute rest  is  not  known  in  nature.  Every  body  on  the  surface  of 
the  globe  partakes,  not  only  in  a  motion  of  revolution  round  tho 
axis  of  the  earth,  but  is  also  moving  round  tlic  sun,  and  pcr- 
liaps  accompanying  tho  sun  in  its  revolution  round  a  more  dis- 
tant centre.  All  known  matter  is  in  motion,  and  when,  in  any 
case,  we  say  that  it  is  at  rest,  we  merely  mean  to  assert  that  it  is 
at  rest  with  reference  to  certain  lines  or  planes,  which  wore  arbitra- 
rily assumed  for  co-ordinates.  A  body  on  the  deck  of  a  steamboat 
may  be  at  rest  with  reference  to  the  boat,  but  in  rapid  motion  with 
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reference  to  the  earth.  In  like  manner,  a  body  on  the  vurfmeo  of 
tlio  globe,  which  is  ftaid  to  be  at  rest  because  it  is  not  changing 
its  {K>sitioa  with  reference  to  the  equator  and  first  meridian,  is  yet 
ill  very  rapid  motion  with  reference  to  the  ecliptic  and  thorenial 
equinox.  So,  on  tiie  other  hand,  a  body  may  appear  to  be  in 
rapid  motion,  and  yet  at  rest  with  reference  to  the  earth  or  the 
sun.  For  example,  a  ship,  which  is  sailing  through  tiio  ocean  at 
the  rate  of  ten  kilometres  an  hour,  while  the  ocean  current  is 
flowing  at  the  same  rate  in  the  opposite  direction,  is  at  rest  witii 
reference  to  the  earth,  although  it  would  appear  to  be  in  motion  to 
persons  on  board  the  ship.  Again,  any  {)oint  on  the  surface  of  tlie 
globe  at  the  latitude  of  50^  is  moving  from  west  to  eoiit,  in  con- 
sequence of  the  rotation  of  the  globe  on  its  axis,  about  289  metres 
each  hocond,  but  is,  relatively  to  the  surface  of  the  globe,  at  rest. 
If  a  caniion-liull  is,  at  the  same  latitude,  moving  289  metres  each 
second  from  east  to  west,  it  will  ap|K^ar  to  be  in  rapid  motion 
to  an  observer  at  this  point,  while  it  is  at  rest  with  reference 
to  the  sun. 

Ex|)erience  teaches  us  that  a  body  may  move  on  the  surface 
of  the  glol>e  with  e<)ual  readiness  in  any  direction,  and  therefore 
that  this  motion  is  not  influenced  bv  the  motion  of  the  earth  itself. 
The  same  amount  of  gun[)owder  which  would  drive  the  cannon- 
ball  289  metres  each  second  from  west  to  east,  would  drive  it  witli 
the  same  vclocitv  fn)in  east  to  west,  or  in  aiiv  other  direction. 
It  is  evident,  from  these  and  similar  considerations,  that  a  body 
may  jiartake  of  several  motions  at  once,  and  yet  that  eadi  may 
bo  entirely  inde[MMident  of  the  rest. 

(19.)  THme  and  Velocity.  —  All  the  phenomena  of  nature 
may  l»e  referred  to  motion ;  and  the  succession  of  natural  phc- 
nonie:iu  gives  us  the  idea  of  duration,  or  iime.  In  order  to 
mcasun;  the  duration  of  phenomena,  we  soKvt  the  duration  of 
wune  one  an  our  unit,  and  comjiare  the  duration  of  others  with  it. 
It  is  esscMitial  that  our  unit  should  lie  invurial»li\  and  such  inva- 
riable units  of  time  we  fnid  in  the  motions  of  the  heavenlv  ImmIIi^s 
and  in  that  of  tho  {MMHlnlum.  The  duration  of  a  single  as<Mll;i- 
tion  of  a  {MMidulum  0.99:»l»l  m.  long,  at  tlie  latitude  of  Paris,  is  a 
Sfcomt^  the  smallest  unit  in  us(\  and  the  one  which  we  shall 
have  uhM  (M*casion  to  use  in  this  Unik.  Tlien»fore,  when  the 
vnil  of  iimr  is  s|M>ken  <»f,  it  is  always  to  l»e  understiHxl  ti>  niiMin 
o:ie  second.     The  duration  of  the  revolution  of  ttio  earth  on  its 
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axis  is  the  next  larger  unit,  which  we  call  a  day^  and  that  of  the 
revolution  of  the  earth  round  tlie  sun,  the  largest  unit  in  com- 
mon use,  is  called  a  year. 

Tke  distance  passed  over  by  a  moving  body  in  the  unit  of  time 
fneamirei  its  Velocity^  which  we  will  represent  by  b.  When, 
then,  a  body  is  said  to  have  a  velocity  of  ten  metres,  we  merely 
mean  that,  if  it  continue  to  move  at  the  same  rate,  it  will  pass 
over  ten  metres  in  each  second  of  time. 

(20.)  Uniform  and  Varyinff  Motions.  —  The  motion  of  a  body 
is  said  to  be  uniform  when  its  velocity  does  not  change.  In  such 
motion  the  body  will  pass  over  the  same  distance  in  each  second, 
or,  in  other  words,  the  distance  passed  over  in  uniform  motion  is 
proportional  to  the  time.  Denoting,  then,  by  d  the  distance 
passed  over,  and  by  T  the  munber  of  seconds,  wo  have 

d=bT,    or    b  =  ^,   and    r=:~.  [2.] 

We  have  an  example  of  uniform  motion  in  a  railroad  train 
moving  with  a  constant  speed. 

In  varying  motions^  the  distances  passed  over  in  successive 
seconds  are  unequal.  The  body  has  no  longer  a  constant  ve- 
locity, and  its  velocity  at  any  moment  is  the  distance  it  would 
pass  over  in  each  second,  if,  with  the  velocity  then  acquired,  its 
motion  suddenly  became  \miform.  The  motion  of  a  body  may 
vary  according  to  different  laws.  There  are  two  kinds  of  varying 
motion  which  it  is  important  to  study.  They  are  called  uniform- 
ly accelerated  motion  and  uniformly  retarded  motion, 

(21.)  Uniformly  Accelerated  Motion. — The  motion  of  a  body 
is  said  to  be  uniformly  accelerated^  when  its  velocity  increases 
by  an  equal  amount  each  second.  This  amount  is  called  the  ac- 
celeration^ and  will  be  represented  by  tJ.  The  most  familiar  ex- 
ample of  such  a  motion  is  that  of  the  fall  of  a  stone  to  the  earth. 
Starting  from  the  state  of  repose,  its  velocity  at  the  end  of  the  first 
second  is  9.8088  m.,  which  we  may  call  in  round  numbers  10m.; 
at  the  end  of  the  second  second,  its  velocity  is  20  m. ;  at  the  end 
of  the  third,  30  m. ;  at  the  end  of  T  seconds,  its  velocity  is 
10  X  T  metres.  To  make  the  case  general,  if,  starting  from  a 
state  of  rest,  the  body  acquires  a  velocity  each  second  represented 
by  0,  then  its  velocity,  fe,  after  T  seconds  will  be, 

b  =  r  tj.  [3.] 
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In  order  to  find  the  distance  passed  over  at  the  end  of  T 
seconds,  we  make  use  of  the  principle  proved  by  Galileo,  that 
this  distance  is  tiie  same  as  if  the  body  had  moved  at  a  uniform 
rate  with  a  mean  velocity.  In  tlie  case  of  a  falling  stone,  tlie 
velocities  at  the  end  of  successive  seconds  are, — 

0"  1"         2"        3"         4''         5"         6"         7'  n" 

Cm.      10m.    20m.    30m.    40m.    50m.    GOm.    70m. ....  (IOm)  m. 

At  tlie  end  of  five  seconds,  the  velocity  is  50  m.;  at  the  com- 
mencement, the  velocity  is  Om.  According  to  the  principle  juht 
stated,  the  distance  passed  over  is  the  same  as  if  the  body  had 
moved  uniformly  during  the  five  seconds  with  the  mean  velocity 
of  25  m.  In  like  manner,  the  distance  passed  over  between  the 
end  of  the  third  and  the  end  of  the  seventh  second  will  be 
i  (:30  4-  70 )  4  =  200  metres.  Representing,  then,  the  accclera* 
tion  of  velocity  during  each  second  by  p,  as  above,  we  shall  ha%'e, 
for  the  distance  passed  over  during  T  seconds  by  a  Inxly  moving 
with  a  uniformly  accelerated  motion,  and  starting  from  a  state 
of  rest, 

rf=  J  (0  +  Tn)  T=  I  0  r«.  [4.] 

The  truth  of  this  principle  can  Ix)  pmvcd  in  the  following  way. 
Let  us  sup[>ose  the  time  Tdividetl  into  a  large  number  (^n)  of  very 

T 

small  intervals.    Each  of  these  intervals  will  l>e  represented  by  — . 

These  intervals  wo  will  take  so  small,  that  the  motion  during  this 
minute  fraction  of  a  second  may  be  regnnletl  as  unifonn«  and  as 
having  the  same  vol<xMty  which  it  really  has  only  at  the  end  of 

the  interval.     K^*pres4Miting  the  %'ehK!ity  at  the  end  of  one  second 

T         '  T 

by  0,  the  velocity  at  the  end  of  -  seconds  will  be,  by  [.*5],    -  u  ; 

1  ft 

T  T 

the  vcl(K-itv  at  the  end  of  2  —  seconds  will  be   2    -  u  ;     at    the 

M  n 

7*  T 

end  of  :l  —    seconds,    II       o,  etc. 
n  H 

Ri*ganling  this  voliM*ity  as  uniform  during  the  interval,  wo  have, 
by  o<|iiiition  [21,  for  th«*  di>tance  {lassed  over  during  the  tir>t  in- 
tervul,  the  value  </,  >=    ^  u.     In  the  same  way,  we  shall  find, 

for  the  iM*cond  intenral,  f/j=  2     .  u  ;  for  the  third,  r/^ss  :(     «  u  ; 

and  for  the  lust,  rf,  =  n  ,  H.  The  s|»ace  pasMMl  over  during  the 
whole  time  T  will  be  equal  to  the  sum  of  these  values. 
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2*2  2»2  /p2  ^» 

rf=  ^  n  (1  +  2  +  8  +  4  + 4- «). 

The  quantity  within  the  parenthesis,  being  the  sum  of  the 
terms  of  an  arithmetical  progression,  is  equal  to  J  (»  + 1)  n ; 
and  substituting  this  value,  we  obtain. 

This  value  of  d  will  be  the  more  accurate  the  smaller  are  the 
intervals  of  time,  or  the  larger  the  number  into  which  T  is 
divided  ;  and  it  will  be  absolutely  accurate  when  the  number  is 
infinitely  large.  In  this  case  n  =  oo,  and  the  last  equation  be- 
comes the  same  as  [4], 

d={vT\  [5.] 

For  another  time  T',  we  should  have  d'  =  J  u  T'*,  and,  com- 
paring the  two  equations, 

that  is,  in  a  uniformly  accelerated  motion^  the  distances  passed 
over  by  a  moving  body  starting  from  a  state  of  rest  are  proper- 
tional  to  the  squares  of  the  times  employed.  By  substituting 
in  [5]  the  value  of  T  obtained  from  [3] ,  it  gives, 

d=f^;  [6.] 

for  another  velocity  t)',  we  should  have  d  =  ^—^  and  comparing 
tliis  equation  with  the  last, 

d  '  d'  —   —  •  —  =  b'  •  b*  • 

2tJ'2tJ  ' 

wiiich  shows  that,  in  a  uniformly  accelerated  motion  starting 
from  a  state  of  rest,  the  distances  passed  over  by  a  moving  body 
are  proportional  to  the  squares  of  the  final  velocities.  By  trans- 
position we  obtain  from  [6] , 

b  =  V2irrf;  [7.] 

which  is  an  expression  for  the  final  velocity  in  terms  of  the  dis- 
tance passed  over,  and  the  constant  increment  of  velocity  for 
each  second. 

3 
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Returning  to  the  previous  illustration,  if  we  represent  bjr  a 
the  distance  tlirougli  which  a  stone  falls  in  the  first  second,  we 
can  easily  find  tlie  following  values  for  the  distances  it  will  fall 
through  during  each  succeeding  second,  and  also  for  the  whole 
distance  it  will  have  fallen  Uirougli  at  the  cud  of  each  second. 

1"    2"     8"      4"      5"       C"       7"  n" 

Succesnive  di:4tancc9,  a  3  a  5  a  la  9a  11a  IS  a....  (2  m — 1)  a. 
Whole  di)»tancets         <>     4a     9alGa25a    3Ca    49 a n^o. 

The  co-efficients  in  tlie  last  series  are  to  each  other  as  the  squares 
of  tlie  times ;  —  which  has  already  been  proved.  Those  in  the 
first  series  are  as  the  scries  of  odd  numbers,  and  can  be  deduced 
from  tlie  last  series,  by  subtracting  from  each  of  its  terms  the 
one  next  preceding  it. 

(22.)  Uniformly  Retarded  Motion.  —  When  a  stone  is  thrown 
vertically  from  tlie  earth,  its  velocity  diminishes  by  an  equal 
amount  each  second,  and  such  a  motion  may  be  said  to  be  uni- 
formly retarded.  The  velocity  of  the  stone  rapidly  diminishes 
until  it  becomes  zero,  when  for  a  moment  it  is  at  rest,  and  then 
it  falls  back  to  the  point  where  it  started.  The  law  which  gov- 
erns tlie  upward  motion  will  be  most  readily  discovered  if  we 
regard  tlie  stone  as  moving,  at  the  same  time,  in  two  opposite 
directions ;  rising  in  the  air  in  virtue  of  tlie  initial  velocity  it 
lias  received,  and  at  tlie  same  time  falling  to  tlie  earth  in  con- 
sequence of  the  force  of  gravitation  (c()m|>are  next  section). 
The  first  is  a  uniform  motion,  and  oljcys  the  law  expressed  by 
[2]  ;  Uie  second  is  a  uniformly  accelerated  motion,  and  obeys 
tlie  laws  expressed  liy  [8]  and  [4].  Since,  now,  all  uniformly 
retardi*d  motions  may  be  resolved  in  a  similar  way,  it  is  evident 
tliat  the  velocity  of  the  motion  and  the  distance  passed  over  by 
the  moving  body  after  a  given  numlier  of  seconds  may  be  found 
by  sul)tracting  from  Uie  velocity  and  distance  which  would  be 
duo  to  tlie  forward  motion  alone,  the  loss  caused  by  the  uniformly 
accelerated  motion  in  tlie  opposite  direction.  If,  then,  we  use 
It  to  denote  tlie  initial  veloirity,  it  is  evident  that  the  residual 
velocity  at  tlie  end  of  7*  seconds  will  be  expressed  by  the  et)ua- 
tiou  (compare  [2]  and  [3]) 

to  — b'  —  nT.  [8.] 

The  body  will  evidently  come  to  rest  when  u  T  equals  b' ;  when 

r— *?.  [9.1 

0  ^ 
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In  the  case  of  the  etone,  d  is  equal,  aa  before,  to  about  t«o  metres ; 
so  that  a  stone  thrown  upwards  witli  a  velocity  of  one  hundred 
metres  a  second  would  come  to  rest  in  ten  eecouds.  At  the  end 
of  five  seconds  its  velocity  would  be  100  — 10  X  5  =  50  metres. 
In  like  manner,  the  distaoce  passed  over  at  the  end  of  7*  seconds 
■will  be  the  difference  between  the  values  of  (2  in  [2]  and  [4],  or 

d=i}'T—^vT».  [10.] 

The  height  to  which  the  stone  of  the  previous  example  would 
rise  in  five  seconds  is,  then,  100  X  5  —  ^  10  X  25 1=  375  metres. 
To  find  how  far  the  uniformly  retarded  body  will  move  before 
coming  to  rest,  substitute  in  [10]  tlie  value  of  7" given  in  [9], 
which  gives 

The  stone  will  then  rise  to  -s  j-  =  500  metres,  before  it  begins 
to  fall. 

(23.)  Compound  Motion.  —  It  lias  already  been  stated,  that  a 
body  may  be  moving  iu  several  directions  at  once,  and  moving 
with  perfect  freedom  in  each.  The  movements  of  the  passengers 
on  tlie  deck  of  a  vessel  sailing  over  a  calm  sea  preserve  the  same 
relations  of  direction  and  velocity,  i-clatively  to  the  different  parts 
of  tlie  vessel,  as  if  it  were  at  rest.  So  also,  the  motions  on  the 
surface  of  the  globe  are  not  influenced  by  its  rotation  on  its  axis, 
or  its  niotions  through  space.  A  point  on  the  rim  of  a  wagon- 
wheel  partakes  of  the  forward  motion  of  the  wagon,  while  it  is 
also  revolving  round  the  axle.  The  actual  motion  of  a  body 
wliich  is  the  result  of  two  or  more  motions,  is  termed  a  com- 
pound motion ;  and  we  will  now  inqnire  what  must  be  the  path 
and  velocity  of  such  motions,  commencing  with  the  simplest  ease, 
where  there  arc  but  two  motions,  and  where  both  arc  uniform. 

(24.)    Parallehgram    of  

Motions.  —  Let  us  then  sup- 
pose that  a  body,  starting 
from  a,  is  moving  towards 
m  with  a  uniform  motion, 
and  that  at  the  same  time 
the  line  a  c  is  moving  par- 
allel to  itself,  and  also  with 
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a  uniform  motion,  towards  e  Sy  tlio  point  a  alwmjs  keepinf^  on  the 
line  a  e.  Let  \\n  also  suppose  that  the  Telocities  are  so  adjusted, 
that,  when  the  lM>dy  reaches  th\|)<mit  <,  the  line  will  have  reached 
the  iMMtitiou  e  s.  It  is  easy  to  iniow  that  the  jNith  descrilicd  l»r 
the  ImhIv  is  the  diagonal  a  i  of  tl/e  parallelogram,  of  which  a  i  and 
r  s  are  two  sides. 

Lay  off,  in  the  direction  a  m,  a  line,  a  £,  equal  to  the  velocity 
of  the  niovinji^  body,  and  on  the  line  ana  distance,  a  r,  equal  to 
the  velocity  of  the  moving  line.  Divide  \u)i\\  of  these  lines  into 
the  same  numlx^r  of  equal  parts.  Each  of  these  will  be  equal  to 
the  s{>ace  passed  over  by  the  moving  liody  or  line  in  a  small  frac- 
tion of  a  second,  which  we  may  take  as  small  as  we  choose.  At 
the  end  of  the  first  of  these  inter>'als,  the  Inxly  will  evidently 
reach  the  ]M)int  p ;  at  the  end  of  the  next,  the  point  q ;  at  the 
end  of  the  third,  r ;  and  so  on,  until  the  end  of  the  seirond,  when 
it  will  reach  the  iM)int  s.  By  making  the  nunilior  of  intervals 
larger  and  larger,  we  can  prove  that  the  Ixnly  will  ])ass  succe9> 
sively  a  larger  and  larger  nunil)er  of  i>oints  on  the  line  a  s  ;  and 
by  making  the  numlx.»r  of  inter>'als  infinite,  that  it  will  pass 
every  |K)int  on  the  line,  or,  in  other  words,  that  it  will  move  on 
the  line  itself. 

It  will  l»e  noticed,  that  the  proof  is  general  for  any  velocities 
when  tlitr  two  motions  are  uniform ;  and  moreover,  that  the  line 
a  8  n*[>roMMits,  not  only  the  direction,  but  also  the  velocity  of  tlie 
moving  iNMJy.  Hence  follows  the  well-known  ]iroposition,  first 
enunciated  by  Oalile«),  an<I  generally  termed  the  CompitsUion  of 
Vrhciliri  :  —  The  vrlorilif  rrsutlin^  from  ttro  simultaneous  re* 
hriiirs  is  rrpresenirtl^  balk  in  direction  and  in  amounts  by  the 
diai^onal  of  a  paraHrlovrram  constructed  on  ttro  straifi'ht  lines^ 
trhirh  rr  pre  sent  the  direction  ami  amtmni  of  these  veiipcities. 
The  n»vfi*'»i?  of  this  must  also  Ikj  true ;  and  any  given  motion 
may  be  cnii>id(*n.*il  as  rt*sulting  fn>m  two  others  which  stand  in 
the  same  n*lations  to  it,  l>otli  as  n'gards  dinnrtion  and  velocity, 
tliat  tlie  8i<li*s  of  a  parallelogram  do  to  its  diagonal.  Hence  the 
converse  pn>|iosition :  —  A  velocUy  in  any  ^iven  direction  may 
fre  restdrtd  into  two  others^  represented  tfoth  in  direction  and 
amount  by  the  two  sides  of  a  paratletogram^  of  trhich  the  first 
relority  is  the  dia*^>nai. 

As  the  same  line  may  lie  the  diagonal  of  an  infinite  numlier  of 
diflen'nt  |»urallelf>grams,  it  follows  that  a  given  motion  may  be 
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composed  of,  or  may  be  resolved  into,  an  infinite  number  of  dif- 
ferent pairs  of  uniform  motions. 

We  have  considered,  above,  a  motion  as  resulting  from  two 
other  uniform  motions ;  but  a  motion  may  result  from  three  or 
more  motions.  As  these  motions  are  entirely  independent  of 
each  other,  we  can  obviously  find,  by  the  above  method,  wliat 
urould  be  the  result  of  two  alone ;  and  then,  by  combining  this 
resultant  with  the  third  motion,  we  shall  obtain  a  second  result- 
ant, which  would  be  the  result  of  three  alone  ;  and  by  combining 
the  second  resultant  with  the  fourtli  motion,  we  should  obtain  a 
tliird  resultant  ;  —  and  so  we  can  proceed  until  we  obtain  tlie 
final  resultant  of  all  the  motions. 

What  has  been  proved  to  be  true  in  regard  to  tlie  resultant  of 
two  or  more  uniform  motions,  is  also  true  in  regard  to  two  or  more 
uniformly  varying  motions,  provided  the  variations  of  both  follow 
tlie  same  law.  This  truth  can  easily  be  proved  in  the  case  of  two 
uniformly  accelerated  or  uniformly  retarded  motions,  by  laying 
off,  on  two  lines  representing  the  directions  of  the  motions,  the 
spaces  passed  over  during  successive  intervals  of  time,  taken  so 
small  that  the  motion  during  each  intcr\*al  may  be  considered 
uniform.  We  can  thus  find  the  points  at  which  the  moving  body 
will  be  at  the  end  of  these  successive  intervals,  as  above ;  and  it 
will  then  be  easy  to  prove  that  the  resulting  motion  may  bo  rep- 
resented, both  in  direction  and  velocity,  by  the  diagonal  of  a 
parallelogram,  of  which  the  two  sides  represent  the  velocities  at 
the  end  of  one  second. 

In  the  case  where  the  original  motion  is  uniform,  it  is  easy  to 
prove  that  the  resulting  motion  is  also  uniform  ;  and  where  it  is 
varying,  that  the  resulting  motion  varies  according  to  the  same 
law  as  its  two  components.  Thus,  in  the  last  example,  the  result- 
ing motion  will  be  uniformly  accelerated  or  retarded,  as  the  case 
may  be. 

(25.)  Curvilinear  Motion,  —  In  the  cases  above  considered, 
tlie  resulting  motion  is  rectilinear ;  if,  however,  any  one  of  the 
motions  of  which  a  compound  motion  is  composed  obeys  a  differ- 
ent law  from  the  rest,  the  resulting  motion  is  curvilinear.  As 
the  velocity  of  a  moving  body  may  vary  according  to  many  dif- 
ferent laws,  and  as  an  infinite  number  of  combinations  of  such 
varying  motions  may  be  made,  an  infinite  variety  of  curvi- 
linear motions  may  result.    We  can  only  consider  hero  one,  and 
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that  ono  of  the  simplest  cases,  vliich  will  wire  as  an  example 
of  the  rest.  Ix!t  lis,  tlicii,  suppose  a  body  moving  from  a  to  ■•  (  Fig. 
4)  witli  a  uuifonn  motion,  aud  at  tlie  some  time  moving  in  ttic 
direction  a  n  vitli  a  uniformlj 
accelerated  motion.  An  ex- 
ample of  Bucli  a  motion  would 
be  that  of  a  cannon-ball,  fired 
liorizonully  from  the  embra- 
sure of  a  fort,  at  some  Iiciglit 
above  the  general  anrfnce  of 
the  ground.  In  virtue  of  tlie 
projecmo  force,  it  would  move 
lioriEontalljr  along  the  line  o  m 
with  a  uniform  motion,  while 
in  obedience  to  the  force  of 
gravity  it  would  rapidly  fall  to 
"*■'■  the  earth,  in  the  direction  an, 

with  a  uniformly  accelerated  motion.  To  find  the  path  of  tli«  rc> 
suiting  motion,  let  t)  he  the  velocity  of  tlio  nniform  motion,  and 
V  the  acceleration  of  velocity  of  the  filling  ImxIv  fur  each  second. 
Lay  off  on  the  line  a  m  the  distances  a^,  ^J',  /A,  etc.,  each  equal 
to  b.  Lay  off  on  the  line  am  the  distunces  afr,fr  r,  (■<y,ctc.,cqual 
to  I  0,  J  P,  j  D,  etc.,  the  distances  through  which  tlio  Itall  will  full  in 
successive  seconds.  Draw  through  each  of  the  points  ^,  jr.  i,  etc., 
lines  parallel  to  a  n,  and  through  6,  c,  d.  etc.,  lines  (nnillel  to 
a  m.  The  |H)hits  P,  Q,  R,  etc.,  whcnt  tliu  first  set  of  lines  inter- 
sect tlie  second,  ara  evidently  points  througli  which  the  ball  must 
[lass.  Join  these  points  byacurvv<l  line,  and  this  lino  will  repre- 
sent the  path  of  the  ball.  It  is  easy  to  show  that  tins  poth  is  a 
parabola.  For  this  pur|ioso,  let  tlic  lines  a  m  and  a  n  be  the  axes 
of  co.<)nhnutes.  The  co-ordinates  of  any  [>nint,  as  j,  are  se^x 
and  M  *='!/;  and  we  know  that  x  =:  f  a  =  b  7*,  aud  also  jr  ^e  a 
wm\v  T'.  ¥A\uating  the  values  of  T  obtained  from  Uicso  equa* 
tions,  we  have,  by  reduction. 


2  b* 


parabola,  in  which  4  ;>  a 


a  constant  quantity,  this  is  the  equation  of  a 

2  b' 
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PROBLEMS. 

Velocity  and  Uniform  Motion. 

12.  A  locomotive  runs  36  kilometres  in  l***  2(y.     What  is  the  velocity 
of  the  locomotive  ? 

13.  A  horse  trots  11  kilometres  in  one  hour.     What  is  his  velocity? 

14.  A  man  walks  5.6  kilometres  in  1***  10^     What  is  his  velocity? 

15.  From  the  extremities,  ^'and  i(  of  a  straight  line  24,000  m.  long, 
two  bodies  start  at  the  same  time.  The  one  from  A  moves  in  the  direc- 
tion A  B  with  a  velocity  of  2  m.;   the  other  from  B^  in  the  direction 

B  A^  with  a  velocity  of  3  m.     At  what  distance  from  A^  and  after  what 

time,  will  they  meet  ? 

16.  From  the  extremities,  A  and  ^  of  a  straight  line  am.  long,  two 
bodies  start ;  the  one  from  A,  t'  after  the  one  from  B.  The  one  from  A 
moves  with  a  velocity  of  c  m.,  the  one  from  B  with  a  velocity  of  C|  m.  At 
what  distance  from  A  will  they  meet  ? 

Uniformly  Accelerated  or  Retarded  Motion, 

17.  Find  the  space  through  which  a  body  falls  in  1'%  and  the  velocity 
acquired.     The  increment  of  velocity  each  second  is  t)  «»  9.8  m. 

18.  A  stone  falls  from  the  top  of  a  tower  to  the  earth  in  2.5^'.  How 
high  is  the  tower  when  t)  >*  0.8  m.  ? 

19.  On  the  surface  of  the  moon,  the  increment  of  velocity  of  a  falling 
body  i.s  t)  ««  1.654 ;  on  the  surface  of  tlie  planet  Jupiter,  0  ■«  26.243. 
Find  the  answers  to  the  last  two  problems  with  these  values. 

20.  A  stone  is  let  fall  into  a  pit  100  m.  deep.  With  what  velocity  will 
it  strike  the  bottom  of  the  pit  ?  With  what  velocity  would  it  strike  the 
bottom  of  a  similar  pit  on  the  moon,  and  on  Jupiter  ? 

21.  A  stone  is  projected  vertically  with  a  velocity  of  50  m.  IIow 
high  will  it  rise  from  the  earth  ?  How  high  would  it  rise  from  the 
moon,  and  from  Jupiter?  Afler  how  many  seconds  will  it  again  reach 
the  ground  in  tl»e  three  ca««es  ? 

22.  A  body  is  projected  vertically  from  the  bottom  of  a  tower  80  m. 
high,  with  a  velocity  of  48  m.  In  what  time  will  it  reach  the  top,  and 
what  will  be  \i»  velocity  at  that  time  ?  Also,  to  what  height  above  the 
top  of  the  tower  will  it  rise,  and  after  what  time  will  it  again  reach  the 
bottom  ? 

23.  A  bo<ly  is  projected  vertically  with  30  m.  velocity.  A  second  later, 
another  body,  with  40  m.  velocity,  is  projected  vertically  from  the  same 
point.    At  what  point  of  elevation  will  the  two  meet  ? 

24.  A  cannon-ball,  being  projected  vertically  upwards,  returned  in 
20"  to  the  place  from  which  it  was  fired.  How  high  did  it  ascend,  and 
what  was  the  velocity  of  its  projection  ?  Solve  the  problem  also  for  0  >« 
1.654,  and  0  —  26.243. 
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FORCE. 

(2C.)  Force.  —  Matter,  of  itself,  is  incapable  of  changing  its 
state,  either  of  rest  or  of  motion.  If  a  body  be  at  rest,  it  cannot 
put  ititelf  in  motion ;  if  a  body  be  in  motion,  it  can  neitlier 
change  that  motion  nor  reduce  itself  to  rest.  Any  such  change 
must  be  produced  by  tsonio  extern|il  cause  independent  of  tiie 
body.  This  quality  of  matter  we  term  Inertia;  and  the  external 
cause  we  tenn  Force.  In  discussting  the  origin  and  nature  of 
force  in  the  introductory  chapter,  we  used  this  word  for  tlie  cause 
of  all  the  phenomena  of  nature.  We  shall  use  it,  in  this  section, 
in  a  more  limited  sense,  as  meaning  *^  any  agency  ufkichy  aftplied 
to  a  body^  imparts  motion  to  iij  or  produces  pressure  upon  i7,  or 
causes  both  of  these  effects  together.**  In  studying  the  action  of 
a  force  upon  a  body,  we  must  consider  three  tilings.  First,  the 
point  of  the  Ixnly  to  which  it  is  applied,  its  point  of  application ; 
secondly,  its  intensity;  thirdly,  its  direction.  The  action  of 
forces  on  IkkHcs  is  the  subject-matter  of  Mechanics.  We  sliall 
only  l>e  able  to  consider  here  those  elementary  principles  of 
this  science  wliich  we  shall  have  occasion  to  use  in  this  book, 
referring  the  student  to  works  on  Mechanics  for  a  full  exposition 
of  the  subject. 

(27.)  Direction  of  Force.  —  When  a  force  applied  to  any 
point  of  a  body  causes  it  to  move,  the  direction  of  the  motion  is 
the  direction  of  the  force.  If  the  |»oint  cannot  move,  the  direc- 
tion of  the  force  is  the  direction  of  the  pressure  exerted  by  it,  or 
the  direction  in  which  the  |>oint  would  move  if  it  were  free. 
When  two  or  more  forces  are  applied  to  any  point  of  a  Ifody^ 
each  of  these  produces  the  same  effect  as  if  it  were  acting  aUme. 
This  is*  a  necessary  conse<|ueiice  of  what  has  already  l»een  stated, 
in  regard  to  the  perfect  freedom  with  which  a  body  may  move  in 
several  directions  at  once.  Kach  of  these  motions  mav  he  the 
result  of  a  M«|Hirat4;  force,  whioh  thus  acts  in  pro<lucing  motion  as 
if  it  were  actin^r  alone.  Hence,  als4),  the  action  of  a  fon^e  u|xm 
a  UhIv  is  not  affoctetl  by  its  condition  of  rest  or  motion,  l>ecause 
tlic  result  wliich  it  pnxluci^s  is  !>y  the  almve  principle  entirely  in- 
de{MMid<Mit  of  th«»  motifui^  wliirh  other  furces  have  impressed  upon 
it.  For  exampl«N  if  a  lH>dy  moviufr  with  a  given  vehicity,  under 
the  iiiflnonce  of  a  givi«n  force,  is  suddenly  acted  upon  by  another 
and  equal  force,  in  a  direction  at  right  angles  to  Uie  first,  it  will 
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xnoTe  in  the  new  direction  with  the  same  velocity  as  if  it  had 
been  previously  at  rest.  The  path  it  describes  can  be  found  by 
combining  the  two  motions  according  to  the  principles  already 
clescribed. 

It  follows  from  this  principle,   that,  a  body  vnder  the  in- 

^/hience  of  a  force  which  is   constant^  both  in  direction  and 

intensity^  moves  with  a  vniformly  accelerated  velocity.     That 

this  must  be  the  case  x;an  be  seen  by  reflecting  that,  if  this 

force  imparts  to  the  body  a  velocity  0  during  the  first  second, 

it  will,  from  the  principle  just  stated,  impart  the  same  velocity 

during  each   succeeding    second.     At  the  end  of  the  second 

second,  the  body  will  then  have  the  velocity  gained  during  two 

seconds,  or  2  0 ;  at  the  end  of  the  third  second,  it  will  have 

the  velocity  gained  during  three  seconds,  or  8  0 ;  and  so  on. 

In  other  words,  the  velocity  will  be  proportional  to  the  time, 

which  is  the  characteristic  of  uniformly  accelerated  motions. 

The  reverse  of  this  also  must  be  true ;  that  is,  a  body  moving 

with  a  uniformly  accelerated  velocity  in  a  straight  line^  must  be 

under  the  influence  of  a  force  of  constant  intensity  acting  in  the 

direction  of  its  motion. 

If,  when  a  body  has  acquired  a  given  velocity,  the  force  ceases 
to  act,  the  body  will  continue  to  move  with  the  same  velocity  and 
iu  the  same  direction  which  it  had  when  the  action  of  the  force 
ceased  ;  in  other  words,  it  will  have  a  uniform  motion,  and  the 
motion  will  continue  until  it  is  arrested  by  an  equivalent  force, 
acting  for  an  equal  time  in  the  opposite  direction.  This,  which 
is  a  necessary  consequence  of  the  principle  of  inertia,  is  illus- 
trated by  many  familiar  facts.  A  train  of  cars  continues  to 
move  after  the  action  of  the  steam  has  ceased,  and  until  the  fric- 
tion of  the  wheels  and  the  resistance  of  the  atmosphere  destroys 
the  motion.  Were  it  not  for  these  opposing  forces,  a  body  once 
set  in  motion  on  the  earth  would  continue  to  move  indefinitely 
^th  the  same  velocity,  and  in  the  same  direction,  which  it  had 
when  the  force  which  produced  the  motion  ceased  to  act.  This 
does  not  admit  of  direct  experimental  illustration  ;  because,  on 
the  surface  of  the  earth,  we  can  never  entirely  remove  a  body  from 
the  influence  of  the  resistance  of  the  air  or  of  friction.  But 
even  here,  the  more  completely  these  influences  are  removed,  the 
longer  motion  continues ;  and  in  the  heavenly  bodies,  where  they 
do  not  exist,  at  least  to  any  sensible  degree,  the  motion  is  per- 
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petual.  A  uniform  motion  in  a  stnught  line  does  not,  therefore, 
necessarily  imply  the  existence  of  a  force  still  acting ;  it  only 
shows  that  a  force  has  acted  at  some  previous  time.^ 

(28.)  Equiiibrium.  —  When  two  or  more  forces  are  acting  on 
a  body,  or  on  a  system  of  bodies,  in  such  a  way  that  they  exactly 
balance  each  other*s  effects,  they  are  said  to  be  in  eguiiibrimm. 
Forces  so  adjusted  will  not  communicate  motion  to  a  body  at  rest, 
or  alter  its  motion,  if  already  in  motion.  Tliat  portion  of  the 
science  of  Mechanics  which  treats  of  the  conditions  of  equilibri* 
irm,  is  termed  Sialics  ;  that  part,  of  which  Uie  object  is  to  deter- 
mine the  motion  which  a  body  assumes  when  the  forces  which 
are  applied  do  not  constitute  an  equilibrium,  is  called  Dynamics. 

(29.)  Measure  of  Forces.  —  Wo  conceive  of  forces  as  having 
different  intensities,  and  hence  as  quantities,  which  can  be  ex- 
pressed in  numbers,  selecting  one  of  Uiem  as  the  unit.  As, 
however,  we  only  know  forces  through  their  effects,  we  can  only 
compare  them  together  by  com|Miring  their  effects ;  tliat  is,  by 
comparing  together  the  amounts  of  motion  tliey  cause,  or  the 
amounts  of  pressure  Uiey  exert.  LiCt  us  tlien  seek  for  a  measure 
of  force  in  the  amount  of  motion  which  it  causes.  In  discussing 
tliis  subject  we  can  assume  as  axioms,  —  first,  thai  two  forces 
are  equal  trhich  tciil  g^ive  equcJ  velocilies  to  equal  amounts  of 
maltcr  in  the  unil  of  time;  secondly,  thai  two  forces  are  equal 
which^  when  apfplied  in  opposite  directions  to  any  point  of  Me 
same  hotly ^  or  to  any  two  points  silualed  in  the  line  of  the  forces 
and  inseparably  united,  leave  il  al  rest.  The  following  proposi- 
tions can  now  be  easily  proved. 

Proposition  1.  Two  constatU  forces,  which  in  the  unit  of  time 
impart  to  unequal  masses  of  matter  equal  velocities^  must  he  to 
each  other  as  these  masses.  Let  us  suppose  that  we  have  • 
e(|ual  niasucs  of  matter,  each  represented  by  m,  on  which  are 
acting  II  e(|ual  forces  in  directions  [larallol  to  each  other,  each 
represented  by  /.     lly  the  axiom  above,  each  of  these 


*  Thi*  •uirroroc  doe*  not  apparrndT  atnve  with  the  prioriplr  of  the  iotrodurlorT 
rbaiiirr,  in  which  il  u  iii«inuinnl  ih«i  all  phmonirna  implr  •  roniinnoiuljr  artinK 
cau«(*;  but  it  niti«t  br  r%-m«  mbrrrd  thai  rr«t  and  tmHicm  arr  mrrrU  rrlaltre  imML 
and  that  ihr  la«i  i«  a*  mach  a  ttaic  or  iTKidiiiitn  of  maitrr  aa  tlic  Ant.  Any  rhai^p 
of  condiikMi,  wbrihrr  frt>ni  rrM  to  im»Uufli«  frum  mofioo  to  reat,  or  from  ooa  BMxIa  of 
OMHion  to  aiMKhrr.  iroplira  thr  intrr^rniiim  of  tome  tortt ;  hut  tbr  inerr  crniliBi 
in  a  gitm  eondiiauci  implira  a  cotitinmMulT  actinf  caaie  only  to  Car  aa  %mch  a 
la  inpttnl  bj  the  coatiaaad  iKiaH«ni  of  all  crealad  ikiagt. 
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will  receive  tlie  same  Telocity  in  tlie  unit  of  time  ;  they  will,  there- 
fore, all  move  in  the  same  direction  and  with  the  same  velocity, 
and  must  preserve  the  same  relative  position.  We  may  then 
regard  them  as  luiited  in  a  single  body,  whose  mass  is  equal  to 
»  X  Wf  on  wliieh  is  acting  a  force  equal  to  n  X  /•  Hence  it 
follows,  that  the  force  n  Xf  will  give  to  the  mass  n  X  m  the 
same  velocity  that  the  force  /  will  give  to  the  mass  m.  It  is  evi- 
dent that 

«X/:/=nX  w:m. 

To  make  this  proof  more  general.  Let  M  and  M'  represent  the 
two  masses  of  matter,  which  we  will  suppose  to  be  commen^^u- 
Table,  and  let  m  be  their  common  measure  ;  so  that 

M=nmy    and     M'^=n^m. 

^Represent  by/  the  value  of  the  force  which  will  impart  to  m  the 
given  velocity  in  the  unit  of  time ;  then,  by  what  precedes, 

nf  will  give  the  same  velocity  to  n  m,  or  JIf,  and 

n'/  "  "  "  n'  m,  or  M'. 

Represent  nf  by  Fj  and  n'/  by  F'j  and  we  have 

nf  :  n'f^=nm:n'mj    or     F:  F'  =  M:  M',      [11.] 

which  was  to  be  proved.  If  the  masses  are  not  commensurable, 
we  can  take  m  infinitely  small. 

Proposition  2.  l\ao  constant  forces,  which  in  the  vnit  of  time 
impart  to  equal  masses  of  matter  unequal  velocities,  must  be 
to  each  other  as  these  velocities.  Represent  the  two  forces  by 
F  and  -F',  which  we  will  suppose  to  be  commensurable,  and  let 
/  be  their  common  measure  ;  so  that  F=  nf  and  F'  s=  n'f 
Represent  also  by  o  and  v'  the  velocities  which  these  forces  re- 
spectively impart  to  the  common  mass,  M,  in  the  unit  of  time. 
The  force  /  will  be  capable  of  imparting  to  Jtf"  a  velocity,  which 
we  will  represent  by  v".     It  follows  now,  from  the  last  proof, 

that  F  =  n/ will  impart  to  Jlfa  velocity  n  v"  =  o,  and 
that  F  =  n'f         "  "  "         n'  V"  =  v' ; 

\f:n'f=nv":n'v'\    or    F:  F'  =  v:v'.         [12.] 

Proposition  3.  Two  constant  forces  are  to  each  other  as  the 
products  of  the  masses  by  the  velocities  which  they  impart  to 
these  masses  in  the  unit  of  time.    Let  F  and  F'  be  the  two  forces 
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acting  on  tho  masses  M  and  3f\  and  imparting  to  them  the 
velocities  0  and  rf  in  the  unit  of  time.  Represent  hjr  /  a  force 
which  imparts  to  the  mass  M  the  relocitj  o'  in  the  unit  of  time. 
F  and  /  are,  then,  two  forces  which,  in  tho  unit  of  timOf  impreas 
on  equal  masses,  M  and  ilf,  unequal  velociti^,  v  aud  n* ;  henee, 
from  Proposition  2, 

Moreover,/  and  F*  are  two  forces  which  impress  on  unequal 
masses,  jif  and  3f',  equal  velocities,  o'ando';  hence,  from  Prop- 
osition 1, 

Multiplying  tho  two  proportions,  term  hy  term,  we  obtain 

F:  F'  —  JIfo:  M' V,  [13.] 

which  was  to  be  proved. 

In  order  to  measure  a  force,  wo  have  then  onljr  to  select  tcmia 
one  force  for  our  unit,  and,  by  the  principles  of  Uio  above  propo> 
sitions,  comjMire  all  other  forces  with  it.  We  will  then  assume, 
as  the  imt/  of  force ^  that  force  which,  acting  on  the  unit  of  maat 
during  one  second,  will  impress  upon  it  a  velocity  of  one  metre, 
or  that  force  which  causes  an  acceleratum  of  one  metre  in  tlia 
velocity  of  tho  unit  of  mass  each  second.  If  then  a  given  force, 
F,  acting  during  one  second,  impresses  on  a  given  mass  of  mat- 
ter, 3f,  a  velocity,  o,  we  can  easily  find  tho  relation  it  bears  to 
Uio  unit  of  force  by  the  alcove  proportion, 

F:  F'  =  Mp  :  J/' if. 

If  F'  is  the  unit  of  Torce,  then,  by  definition,  Jlf'  and  tf  are  both 
equal  to  unity ;  and  the  proportion  gives 

F=3fo.  [14.] 

It  will  bo  rrmeml)ered  (21),  that  the  quantity  o  is  termed 
tei*hnically  tho  arreirraiion.  Hence,  the  measure  of  a  force  is 
Ihr  product  of  the  mass  moved  by  the  acceleration.  For  example, 
if  the  miu(s  movi*d  is  equal  to  four  units  of  mass,  and  the  accel- 
eration is  e<]ual  to  kIx  metres,  the  intensity  of  the  force  is  equal 
to  twenty-fonr ;  that  is,  the  inten!«ity  of  tho  force  is  twenty-four 
tinii^  as  great  as  the  unit  of  force. 

If  a  constant  force  continues  to  act  upon  a  ImxIv  during  a  given 
time,  it  imfiarts  to  it  each  second,  as  wo  have  S4vn,  as  much  ve- 
locity as  it  gave  to  it  tho  first.    This  velocity  we  have  called  the 
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acceleration,  aiid  represented  bj  v.  At  the  end  of  T  seconds  the 
velocity  is  T  o,  which  has  been  represented  by  t).  If  now  the 
force  iceases  to  act,  the  motion  becomes  uniform,  and  the  body 
continues  to  move  with  the  velocity  1)  =  T  0.  In  order  to  stop 
this  motion,  it  would  be  necessary  to  apply  to  the  body,  in  an  op- 
posite direction,  a  force  of  the  same  intensity,  for  an  equal  time. 
If  M  represents  the  mass  of  the  body,  M  v  represents  the  inten- 
»ty  of  the  original  force  ;  and  hence  it  would  require  a  force  of 
the  intensity  Mv  acting  during  T  seconds  to  destroy  the  mo- 
tion. Evidently,  however,  the  same  effect  could  be  produced  by 
a  force  of  T  times  tlie  intensity,  acting  for  one  second.  Tho 
intensity  of  tliis  force  would  be 

TMv=^Mb.  [15.] 

Hence  the  product  of  the  mass  of  a  body  by  its  velocity  rcpre- 
Bents  the  intensity  of  a  force  which,  acting  during  one  second, 
will  bring  the  body  to  rest.  This  product  is  usually  called  the 
momentum  of  a  moving  body.  We  s^y,  for  example,  that  a  body 
whose  mass  is  equal  to  five  units,  and  which  is  moving  with 
a  velocity  of  four  metres,  has  a  momentum  equal  to  20 ;  and 
we  mean  by  this,  that  it  would  require  a  force  twenty  times  as 
intense  as  the  unit  of  force,  and  acting  for  one  second  in  a  direc- 
tion opposite  to  that  of  the  motion,  to  bring  the  body  to  rest. 
The  momentum  is  also  frequently  called  the  moving  force  of  the 
body,  because  it  not  only  represents  the  intensity  of  the  force  re- 
quired to  overcome  its  motion,  but  also  because  the  body  itself 
would  exert  a  force  of  this  intensity  against  any  obstacle  tending 
to  resist  its  motion.  In  this  view,  momentum  may  be  regarded 
as  representing  the  accumulated  intensity  of  force  in  a  body  ;  the 
product  M  0  representing  the  intensity  of  force  in  a  body  after 
one  second ;  the  product  M  b  representing  the  accumulated  in- 
tensity after  T  seconds. 

It  must  be  carefully  noticed,  that  we  have  considered  in  this 
section  solely  the  measure  of  the  intensities  of  forces,  and  not 
tlie  measure  of  their  quantities.  The  quantity  of  a  force,  or,  as 
tliis  is  frequently  called,  its  power^  is  measured  in  a  different 
way,  as  will  be  shown  in  (42).  In  this  woik,  we  shall  have  to 
deal  almost  solely  with  the  intensities  of  forces,  and  when  tho 
measure  of  force  is  referred  to,  it  must  be  always  understood 
to  mean  the  measure  of  its  intensity^  un  the  reverse  is  ex- 
pressly stated. 

4 
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COMPOSITION   OF   FORCES. 


(80.)  Components  and  Resultant.  —  In  mechanical  problemf 
wo  freqiiontly  hare  two  or  moro  forces  acting  at  once  on  the  sama 
point  of  a  Ixxly^  or  on  screral  points  which  are  inimorahljr  united 
togetlier  ;  and  it  becomes  important  to  consider  what  will  be  their 
combined  effect.  Tliis  problem,  which  is  termed  the  composition 
of  forces^  reduces  itself  to  that  of  finding  the  direction  and 
amount  of  a  single  force  which  would  produce  the  same  mdioii 
as  that  resulting  from  the  action  of  all  the  forces  combined. 
This  single  force  is  called  the  resultant^  and  the  forces  to  which 
it  is  equivalent  in  effect  are  called  its  components.  It  follows, 
from  tliis  definition,  that  a  force  is  mechanically  equivalent  U> 
t!io  sum  of  its  coni|x>ncnts,  and,  on  tlie  oUier  hand,  timt  any 
numl>er  of  forces  are  mechanically  ecjuivalent  to  their  resultant ; 
because,  as  we  only  know  forces  through  their  efiects  in  pto> 
ducing  motion,  any  forces  which  produce  the  same  motions  are 
to  us  equivalent. 

(:U.)  Forces  may  be  represented  by  Lines.  —  The  unit  of 
force  has  been  defined  as  that  force  which  causes  an  acceleration 
of  one  metre  in  tlie  motion  of  the  unit  of  mass  each  second ;  and, 
further,  it  has  been  shown  that  the  protluct  of  the  mass  moTed, 
by  the  acceleration,  is  the  number  of  units  of  force  to  which  any 
given  force  is  c^juivalent.  If,  then,  we  represent  the  unit  of 
force  by  a  line  one  centimetre  long,  any  other  force  will  be  repre> 
s<?nted  by  a  line  as  many  centimetres  long  as  tlie  numlier  which 
is  ol>Uiiiied  by  multiplying  the  nia^i  it  moves  by  the  acceleration 
it  iin|iarts  each  second.  Morei>vor,  since  tliese  lines  may  be 
made  to  represent  the  directions  as  well  as  the  amounts  of  the 
forties,  the  problems  of  resolution  of  forces  may  be  reduced  to 
problems  of  geometry. 

(i]2. )  The  point  of  apfpiication  of  a  force  may  be  chanted  to 
tiny  other  point  of  the  btnly  on  the  line  of  the  direrlion  of  the 
ffrre^  without  aiirrin^  in  any  resjpert  the  action  of  the  force  on 
the  boily^  provided  only  that  the  two  points  are  immovably  united 

tofi^ether.  The  tnith  of  this  pro|KNiitioii 
seonis  almost  self-evident ;  for  it  amounts 
only  to  this, —  tliat  a  given  force  acting 
in  tlie  direction  ^i  B  (Fig. 5)  will  pro- 
^  ^  duoe  the  same  efToct,  whether  it  is  applied 
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ia  pushing  ttie  body  forward  at  A,  or  in  pulling  it  fonrard  from 
B.  Tlie  following  illustration  may  moke  the  matter  still  clearer. 
>Ve  will  assume  that  tlte  force  applied  at  A  is  equal  to  five  units 
of  force,  and  is  in  the  direction  A  B.  We  will  now  apply  two 
(urces,  each  of  the  same  value  as  the  last,  to  the  point  B ;  one  in 
the  direction  A  B,  and  tlie  other  in  the  direction  B  A,aa  we  can 
obviously  do,  witliout  changing  the  condition  of  tlie  body.  The 
second  of  tliese  forces  will,  by  the  axiom  of  (29),  exactly  counter- 
balance tlie  force  applied  at  A,  and  we  shall  tlien  liavo  left  a 
force  of  five  units  applied  at  £,  and  acting  in  the  direction  A  B, 
producing  an  equivalent  effect  to  tliat  of  tlie  first  force. 

(83.)  RetuUant  of  Forces  in  the  time  Straight  Line.— The 
resultant  of  a  number  of  forces  acting  in  the  same  straight  line 
on  a  point  of  a  body,  is  obviously  equal  to  the  sum  of  the  forces 
acting  in  one  direction  less  the  sum  of  the  forces  acting  in  the 
opposite  direction ;  and  this  resultant  is  in  tlie  direction  of  tlie 
laigest  sum.  If,  for  example,  we  havo  three  forces  applied  to 
the  point  A  (Fig.  5)  in  the  direction  A  B,  equal  respectively  to 
4,  6,  and  7  units,  and  two  forces  in  tlie  opposite  direction  equal 
to  18  and  10  units,  then  the  resultant  force  will  be  equal  to 
(4  4-  6  +  7)  —  (18  +  10)  =  —11  units,  and,  as  the  nega- 
tive sign  indicates,  will  act  iii  tho  direction  B  A.  The  validity 
of  Uiis  principle  follows  from  the  fact,  that  each  force  acts  as  if 
it  were  the  only  force  acting  (27).  As  was  shown  in  the  last 
section,  it  is  unimportant  wlictlicr  all  the  forces  are  applied 
It  A,  or  whether  they  are  applied  at  different  points  along  the 
line  .4  ^. 

(34.)  Resultant  of  Forces  acting-  in  differ- 
tiU  Directions,  but  applied  at  Ike  same  Point, 
or  Parallelogram  of  Forces.  —  Let  us  sup- 
pose that  we  liave  two  forces,  F'  and  F", 
applied  to  tlie  point  A  (Fig,  fi),  in  the  di- 
rections A  b  and  A  b'  respectively,  and  lot  us 
inquire  what  will  be  their  resultant.  It  has 
already  been  proved,  that  two  forces  acting 
on  tho  same  or  equal  masses  of  matter  are 
to  each  other  as  the  accelerations ;  or, 

F'  :  F'  =  w' :  ti". 

What  therefore  is  true  in  regard  to  the  two 
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Telocitios  must  be  true  relatively  in  regard  to  the  two  foroe9, 
so  that  if  we  can,  bj  anj  method,  find  the  resultant  of  the  two 
velocities,  tliis  same  method  will  pro  us  tlie  resultant  of  the  two 
forces.  Now  it  has  been  proved  (24),  that  tlie  resultant  of  two 
velocities  is  represented,  both  in  direction  and  amount,  by  tlie 
diagonal  of  a  {larallelogram  wliose  sides  represent  the  directions 
and  velocities  of  the  two  motions  ;  and  hence  it  follows,  that  the 
resuliant  of  two  forces  it  represeniedj  both  in  direction  and  in- 
tentiijfj  by  the  diagonal  of  a  paraiieiogram  whose  sides  represent 
the  directions  and  intensities  of  the  component  forces.  Tlie  re- 
sultant of  two  forces  can,  therefore,  always  be  found  by  a  very 
easy  geometrical  construction.  It  can  also  be  calculated  ;  for  we 
liave,  by  a  well-known  principle  of  trigonometry,  from  Fig.  6, 

AZ''  =  Arff  +  irc'  —  2  AB  .BC  .cosABC; 

or,  since  B  A  B'  ^  180*  —  ABC,  and  therefore  OMABCmm 
—  cos  B  A  JB',  we  have 

AC'  =  Alf  +  BC'  +  2AB  .BC  CQ%BAB'. 

Representing  tlie  two  component  forces  by  F'  and  F",  their  re- 
sultant by  Fy  and  the  angle  bctw9en  the  components  by  0(,  the 
last  c<|uation  becomes 

F*  =  F"  +  F '•  +  2  F'  F"  cos  a.  [IC] 

In  many  cases  with  which  wc  meet  in  nature,  the  directions  of  the 
two  conifK)iients  make  a  rifrht  angle ;  then  the  last  term  of  [14] 
disappears,  and  the  ccjuation  l>ecomes 

F'=F'  +  F"\  [17.] 

(35.)  Decomposition  of  Forces.  —  As  any  given  motion  may 
be  the  result  of  an  infinite  number  of  }»airs  of  motions  (24)«  so 
any  given  force  is  the  equivalent  of  an  infinite  numl>er  of  pairs 
of  forces.  It  follows  from  what  has  l>ecn  proved  alK)ve,  that 
we  can  replace  a  given  force  acting  on  the  |ioint  A  (Pig.  7),  and 
represented  in  direction  and  intensity  by  A  I\  by  the  two  forces 
represented  by  either  of  the  pairs  of  linos  A  B  and  .4  B\  A  C 
and  AC\  AD  and  A  7>,  A  E  and  A  K\  or  ind<N>d  bv  anv  otiier 
pair  of  forces  which  can  Im»  repreiM^ntod  by  the  sides  of  a  par- 
allelogram, of  which  the  lin«*  rt*pn'M*iiting  the  given  force  is 
the  diagonal.     As  the  sides  of  a  |MiralIelogram  may  have  any 
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angnlwr  position  whatsoerer  irith  reference  to  the  diagonal,  it 
follows  tliat  a  given  force  may  be  decompoBed  into  two  othert  in 
nny  required  directions.  If,  then,  the  value  of  a  force  in  uuits, 
aud  two  direcli(Hie,  are  given, 
the  value  iu  uuits  of  two 
components  in  these  direc- 
tions cau  always  be  found. 
The  problem  can  be  solved 
geometrically  thus.  Draw  a 
hue,  A  C  (Fig.  6),  as  many 
centimetres  long  as  there 
are  units  in  the  given  force. 
Draw  two  indefinite  linos,  A  b 
and  A  b',  iu  the  required  di- 
rections, making  tho  given 
angles  with  A  C.  Finally,  draw  tlvough  C  lines  parallel  to 
A  b  and  A  b'.  These  lines  will  intersect  die  first  at  the  points 
B  and  B',  and  the  length  in  centimetres  of  AB  and  A  B'  thus 
determined  will  be  the  values  in  units  of  the  required  forces. 

The  problem  can  also  be  solved  by  trigonometry.  Denote  the 
Talue  ill  units  of  the  given  force  by  F,  and  those  of  the  required 
Components  by  x  and  y.  Denote  also  the  angles  which  x  and  y 
are  required  to  make  with  i^'by  o  and  fi  rcBpectively.  In  tlie 
triangle  A  B  C,  we  have 

AB:  AC=  sin  ACB:  sin  ABC; 
and  also,  since  AB'  =  B  C, 

AB  :  A  C=  sin  B  AC:  sin  ABC. 
Snbstitating  in  these  proportions  the  equivalent  values  A  B  =  x, 
AB'  =  j/,  BA  C=a,  A  CB  =  ^,  ^  B  C=180''  — (a +  /3), 
they  become 

x:F= 
Hence, 


n^:Ei»(o  +  y3),    and     y  :  F=  sin  o  :  sin  («+/?>. 


and 


[18.] 


Wlicn  the  two  components  are  at  right  angles  to  each  other,  then 
o  -f  j3  =  90°,  and 

z  =  Fsin  p,    and    y  j=  i-'  sin  a.  [l^O 

4" 
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The  dccompositiou  of  a  force  into  two  otticra  it  very  frequenilj 
applied  in  mechanics,  in  order  to  determine  the  action  of  a  Ci>rce 
when  it  does  not  act  in  the  direction  in  whicli  its  point  of  appli- 
cation moves.     The  case  of  a  canal-boat  aflbrds  an  illustration  of 

its  application.  The  power  is 
applied  to  the  boat  at  the 
point  A  (Fig.  8)^  Uirough  tiie 
cord  A  Cy  whicli  is  attached 
at  the  other  end  to  tlie  horses 
y.  ^  on  the  tow-path.     Tlie  boat  b 

prevented  fn>m  approaching 
the  bank  bj  the  action  of  the  rudder,  and  can  only  move  in  the 
direction  A  a.  Knowing  the  force  exerted  in  the  direction  Af^ 
and  the  anfrle  a.  it  is  required  to  find  the  efTective  force  by  which 
tlie  boat  is  pn)|>ellcd.  Decompose  the  force  F  into  two  com- 
ponents, z  \\\  the  direction  A  a^  and  y  in  the  direction  ^i  b.  The 
last  force  is  Imlanced  by  the  re»ist:uice  of  the  water ;  but  tlie 
first,  acthig  in  the  direction  of  least  resistance,  that  of  the  boat's 
liMigth.  pro|>els  it  through  the  water.  This  force,  or  x,  is  equal  to 
F  cos  a,  and  will  evidently  be  larger  as  the  value  of  «  is  smaller, 
or,  in  other  words,  as  the  towing-line  is  longer. 

It  fi>llows,  from  wliat  has  been  said,  that  a  force  can  produce 
motion  in  any  direction  between  its  own  orig^ial  direction  and 
one  [H.T|)endicular  to  it.  It  cannot  produce  motion  in  a  direction 
|N'qiendicular  to  its4*ir,  Itccause,  as  can  be  easily  deduced  from 
[l^J,  the  per[)endicular  resultant  would  in  such  a  case  be  equal 
to  lero. 

In  general,  when  the  i)oint  of  application  is  made  to  move  in 
a  different  direction  from  tliat  of  the  force  applied  to  it,  the  eflbct 
of  this  force  is  determined  by  resolving  the  force  into  two  others: 
one  in  the  new  direction,  whicli  rcpnrsonts  the  eflbct  sought ;  the 
other  {M*q)endicular  to  it,  which  is  destroyed  by  tlie  resistance  to 
the  motion  in  that  direction. 

(M.)  ChmjHfsititm  of  tevrral  Force s  acting  im  difereni  Di- 
rrciions.  —  The  amrse  of  n*asoiiiiig  used  aliove,  in  regard  to 
tlin  coni|Mi«»ition  of  two  forces,  applies  (N|ually#o  the  amiposi- 
tion  of  any  numltcr  (»f  forces  acting  on  the  same  i>oint.  Hence, 
the  n'^ultant  of  M»vi*rul  fom^s  can  l>e  fouiitl  in  the  same  way  as 
thf  n»«»ultiint  of  H'V«Tal  motions  (24V  I-*n  ns  »uppose,  for  ex- 
ample,   that   the   forces  acting  on  the   |H>int   O  (Fig.  9)   are 
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represented  both  in  direction  and  amount  hj tlie  lines  OA,  OB, 
0  C,  and  O  D.     We  caii  find  tlicir  resultant  in  tlie  following 
maimer.     We  first  seek  tlie  resultant,  O  r,  of  O  ^  and  O  B. 
The  force  represented  by  tliis  line 
being  ill  all  respects  equivalent  to 
its   two   components,  we  can  com- 
biue  it  witli  O  C  and  obtain  a  sec- 
ond  rosultaiit,  O  r*.     This   result- 
out,  combined  with  the  last  force, 
OJ},  will  give  us  the  fmal  resultant 
of  all  the  forces. 

The  trigonometrical  formuln  of 
(So)  can  easily  be  applied  by  the 
student,  in  solving  problems  on  the 
composition  of  several  forces. 

(u7.)  Composition  of  Parallel  Forcet.  —  We  will  consider,  in 
Die  firet  place,  tlie  case  wlicre  there  are  hut  two  parallel  forces, 
F'  and  F".  Let  A  and  B  (Figs.  10,  11)  be  the  points  of  appli- 
cation of  these  forces,  which  are  immovably  united.  Join  these 
points  by  tlie  hno  A  B.  Draw  tlie  parallel  lines  A  P  and  B  Q, 
so  as  to  represent  tlie  direction  and  intensities  of  the  two  forces 
F'  and  F' ,  respectively.  In  Fig.  10,  the  forces  arc  supposed  to 
act  in  tlie  same  direction,  and  in  Fig.  11  in  opposite  directions. 
The  figures  have  been  so  lettered,  that  the  following  demonstrsr 
tiou  applies  equally  to  both  cuses.  Wc  wish  to  find  the  direc- 
tion, the  intensity,  and  the  point  of  application  of  a  single  force, 
F,  which  would  be  equivalent  to  the  two  forces  F'  and  F". 


Apply  to  the  points  A  and  B,  and  in  the  direction  of  the  line 
uniting  them,  two  equal  and  opposite  forces,/'  and/",  which  we 
will  represent  by  drawing  A  S=/\  and  B  S  ==/".  As  these 
forces  exactly  Imlanco  each  other,  they  cannot  change  the  vo- 
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locitf  or  the  direction  o(  tlie  motion  resulting  from  the  panlld 
forces  F'  «iid  F",  and  hence  vill  not  ^act  our  demonstration. 
The  line  A  r,  fouud  by  completing  the  p&raUelogruu  A  St  P, 
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endentlf  represents  the  direction  and  intenmty  of  the  resultant 
of  the  two  forces  F'  and  /',  and  tlio  lino  B  t  tlic  direction  and 
intensity  of  the  resultant  of  tlie  two  forces  F"  and/".  Produce 
these  lines  until  they  cross,  at  a  point  m.  By  (32)  it  follows 
that  tlio  ofTect  of  tliesc  restiltants  is  the  same  as  if  they  were  both 
applied  directly  to  the  point  m,  in  the  directions  m  A  and  m  B. 
We  can  now  decompose  each  of  these  resultants,  at  the  point  at, 
into  two  components  pamllel,  and  hence  also  equal,  to  the  origi- 
nal  forces  F'  and/',  F"  and/".  The  two  components  parallel 
and  equal  to  >4  iS  and  B  S  will  be  applied  to  the  point  m  in  op- 
posite directions ;  and  since,  by  construction,  ^  S  is  equal  to 
B  S,  these  two  rom]>oneiits  must  also  be  equal,  and  will  therefore 
neutralize  each  oilier.  The  two  components  parallel  and  equal 
to  A  /'and  B  Q  will  aim  IkiOi  be  applied  at  tlie  point  ■>.  In 
Fig.  10,  where  the  on^iial  forces  were  in  tlic  some  direction,  the 
two  com|M)neiiU  will  lie  in  the  same  direction,  and  will  conspire 
to  move  the  point  m  in  the  direction  m  C.  In  Fig.  11,  where 
the  original  forces  were  in  opjKtKite  directions,  the  two  compo- 
nents will  be  in  opposite  din.vtions,  and  will  tend  to  move  the 
point  M  in  ttie  direction  of  the  frreater  component  with  a  force 
equal  to  tlieir  diffcrenoe.  IK-ni'e.  the  final  resultant  will  be  a 
force  in  the  direction  m  C,  |Mrolh-l  l<i  the  original  forces,  in  the 
one  COM  equal  to  their  sum,  and  in  tlie  other  to  their  diflerenee. 
The  point  of  application  of  (his  force  may  obviously  l>e  transferred 
to  the  point  C.  willnrnt  allerinfr  the  conditions  of  ilN  action. 

Tu  find  till'  |H>>ili<in  of  the  [Htint  C.  Ity  oon>tnii-tioii,  the  sides 
of  the  trinii^'l<'  A  Vr  are  piinilli'l  tu  lliohe  of  tlie  triun^rle  m  C  A, 
and  )ikcwi^e  tlie  sides  of  the  triangle  B  ii  t  w  parallel  to  tliose 
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of  tlie  triangle  m  CBj  and  hence  their  homologous  sides  are  pro- 
portional ;  so  tliat  we  have  the  proportions, 

AC:mC=rP:APj    and    B  C :  m  C  =z  t  Q  :  B  Q. 
We  have,  hj  construction, 

rP^AS=tQ  =  BS=f\    AP^F',    and     £Q=F"; 

hence,  by  substitution, 

AC:m  C=/'  :  F',    and    B  CimC^f"  :  F"; 
or, 

mC=A'Cj,  =  BCj^,,    or    A  CX  F':=xB  C  X  F'*; 

AC:  BC  =  F":F'.  [20.] 

Hence  it  appears  that,  when  tlie  two  forces  have  the  same  direc- 
tion, as  in  Fig.  10,  the  point  of  application,  C,  of  the  resultant 
force  divides  the  straight  line  A  Bj  which  joins  the  points  of  ap- 
plication of  the  components,  into  two  parts,  which  are  inversely 
proportional  to  the  amounts  of  the  given  forces.  When,  on  the 
other  hand,  the  forces  are  in  opposite  directions,  as  in  Fig.  11, 
the  point  of  application  of  the  resultant  is  still  on  the  same  line, 
hut  beyond  the  point  of  application  of  the  larger  of  the  compo- 
nents, and  at  distances  from  the  points  A  and  By  which  arc,  as 
l)cfoi-e,  inversely  proportional  to  the  intensities  of  the  two  forces. 
Our  general  result,  then,  is  the  following :  — 

I.  In  regard  to  the  resultant  of  two  parallel  forces  acting  in 
the  same  direction.  1.  The  intensity  of  this  resultant  is  equal 
to  the  sum  of  the  intensities  of  its  components,  2.  The  direc- 
tion is  the  same  as  the  common  direction  of  the  comjyonents, 
3.  The  point  of  application  divides  the  line  joininf^  the  points  of 
application  of  the  components  into  two  parts ^  which  are  inversely 
proportional  to  the  intensities  of  the  forces, 

II.  In  regard  to  the  resultant  of  two  parallel  forces  acting  in 
opposite  directions.  1.  The  intensity  of  this  resultant  is  equal 
to  the  difference  of  the  intensities  of  its  components,  2,  The 
direction  is  the  same  as  that  of  the  larger  component,  3.  The 
point  of  application  is  on  the  line  joining  the  points  of  appMa- 
tion  of  the  components ^  produced  beyond  the  point  of  application 
of  the  larger  of  the  twOj  and  is  at  distances  from  these  points 
trhich  are  inversely  proportional  to  the  intensities  of  the  given 
forces. 
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It  followa,  trom  Um  natiire  of  •  reraltant  foreo,  Aal  »  lont 
qiplied  &t  C,  Figa.  10, 11,  vliicli  is  equal  and  opposite  to  Uie  re- 
sultant of  the  two  foiccfl  F  oiid  F',  ouglit  exactly  to  balance  thii 
rosultaut.  Tliis  obvious  tnitli  will  enable  us  to  put  the  ralidily 
of  our  conclusions  to  the  test  of  experiment.  The  experimeut 
may  be  arranged  as  in  Fig.  12.  P  and  P'  are  two  poiiila  at 
Ute  ends,  for  example,  of 
a  wooden  rod.  To  these 
points  are  attached  cords, 
which,  passing  orer  tlie  two 
pulleys  M  and  M',  aro  at- 
tached to  the  two  weights 
A  and  A'.  A  third  wciglit, 
R,  is  suspended  by  means 
of  a  looped  cord  to  tlio  rod, 
BO  that  its  position  can  be 
easily  Bhifled.  In  this  ex- 
periment tlie  weiglita  cor> 
respond  to  the  forces  F'  and 
F"  of  Fig.  10,  while  the  cords  indicate  tlie  dircctiona  in  which 
the  forces  act.  By  varying  the  amount  of  the  weights,  and  also 
the  position  of  tlie  weight  R  on  the  md,  it  will  be  found  that 
equilibrium  can  bo  maintained  only  when  the  conditions  abore 
■Uted  arc  fulfilled.  Tlius,  if  the  wuifiht  A  bo  20  grammes. 
the  sum  of  the  weights  A  and  A'  must  also  l>o  20  grammes.  If 
A'  is  equal  to  12  grammes,  then  A  raunt  equal  8,  and  tlie  position 
of  the  loop  on  the  rod  mut^t  Iw  such,  that  O  P-  shall  be  to  O  i> 
as  8  is  to  12.  If,  then,  the  diMancc  /'  /*'  is  equal  to  20  c.  m., 
the  distance  P  O  will  be  1:2  c.  m.,  and  /"  O  will  l«  8  cm. 

Tliis  tame  experiment  alw  illuMralcs  the  case  represented  in 
Fig.  11,  where  the  two  com|ionents  are  acting  in  opposite  direc- 
tions ;  for,  as  the  system  of  weiglita  is  in  equilibrium,  it  follows 
that  the  force  exerted  l»y  any  one  mar  lie  regarded  as  equal  in 
intensity  to  the  rcxuluiit  of  tiio  otlicr  two;  this  resultant,  how- 
crer.  acting  in  the  oppofrite  direction  to  the  force  exerted  by  tlte 
wciglit.  Hence,  we  may  consider  the  forces  exerted  at  the  points 
f>  and  /*'  to  be  the  components  of  a  force  equal  to  that  exerted 
by  the  weight  at  P,  but  in  a  direction  opposite  to  PM.  Taking 
the  values  of  the  weights  when  tlio  system  is  in  equilibrium,  aa 
given  above,  it  is  evident  tliat  tlic  amount  of  the  resultant,  and 


GENERAL  PROPERTIES  OF  MATTER. 


47 


the  position  of  its  point  of  application,  £»,  are  the  same  as  would 
be  found  by  the  rule ;  for,  in  the  first  place,  the  weight  A  is 
equal  to  the  difference  of  the  two  weights  R  and  A\  and,  in  the 
second  place,  the  distances  P  O  and  P  P  are  inversely  propor- 
tional to  tlie  values  of  the  two  weights  R  and  A\ 

(38.)  Couples.  —  When  the  two  parallel  forces  are  exerted  in 
opposite  directions,  tliere  is  one  set  of  conditions  which  presents 
a  case  of  peculiar  interest ;  and  that  is,  when  the  two  compo- 
nents are  equal.  In  this  case,  the  value  of  the  resultant  is  evi- 
dently equal  to  zero ;  and,  moreover,  the  point  of  application  is 
at  an  infinite  distance  from  the  points  of  application  of  the  two 
equal  components.  The  last  fact  follows  from  the  proportion 
[20],  ACi  B  C:==zF"  :  F'.  This,  by  the  theory  of  proportions, 
.may  be  written, 

AC—BCiF"  —  F'  =  AC.F"^BCiF'\ 

or,  substituting  (see  Fig.  1V)AB=A  C-^BC,  and  F^F"—  F', 

A  B  I  F  ^  A  C :  F"  =  B  C :  F'. 
Hence, 


AC  = 


ABX  F" 


and     5C= 


ABXF' 


[21.] 


When  tlie  two  components  are  equal,  the  resultant  2^  =  0, 
and  both  the  distances  A  C  and  B  C  become  equal  to  infin- 
ity. In  this  case,  therefore,  there  is  no  single  resultant,  and 
therefore  no  tendency  to  produce  in  a  body  any  progressive  mo- 
tion. Such  a  system  of  forces  is  termed  a  couple^  and  its  tcii- 
dency  is  to  make  the  body  rotate.  The  theory  of  couples  is  of 
great  importance  in  mechanics ;  but  as  we  shall  not  have  occasion 
to  apply  it  in  this  work,  we  shall  not  dwell  upon  it. 

(39.)  Composition  of  several  Parallel  Forces.  —  We  can  evi- 
dently find  the  resultant  of  several  parallel  forces,  by  combining 
them  two  by  two,  as  in  the  case  of  forces 
acting  in  different  directions.  In  Fig. 
13,  the  points  m,  m',  m",  and  m'"  are  the 
points  of  application  of  the  parallel 
forces  F,  F\  F",  and  JP'",  all  acting 
in  the  same  direction.  In  order  to  find 
a  common  resultant,  we  first  combine 
-F  with  F* ;  let  o  be  the  point  of  appli- 
cation of  tlie  first  resiiltant.    We  next 
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combine  the  first  resultant  with  F'%  and  let  a'  be  the  pd 
application  of  the  second  resultant.  Lastly,  we  combiw 
second  resultant  with  F**'^  and  we  shall  then  find  a  final  n 
ant  of  all  the  forces.  This  is  evidentlj  equal  in  amount  I 
sum  of  all  the  components,  and  its  point  of  apfdicatiou  wi 
on  the  lino  o*  m*'\  at  an  intermediate  position  between  the 
]K)int8,  which  may  be  determined  bj  means  of  Uie  propoi 
given  above. 

Where  all  the  parallel  components  are  not  in  the  same  \ 
tion,  we  combine  each  set  separately,  and  thus  obtain  two  pi 
resultants,  acting  in  opposite  directions.  If  tliese  are  equa 
shall  have  a  couple^  and  no  final  resultant.  If  Uiej  arc 
cqual«  we  can  find  a  resultant  hj  tlie  method  already  describ 

(40.)  Centre  of  Parallel  Forces.  —  By  referring  to  Figi 
11,  and  the  demonstration  following,  it  will  be  seen  tha 
position  of  tlie  point  C  does  not  depend  on  the  common  dire 
of  the  forces  represented  hj  A  P  and  B  Q,  but  only  on  thei 
ativo  intensities.  If  we  suppose  these  components  to  re 
round  their  points  of  application,  A  and  £,  the  resultant 
still  pass  through  C  in  any  position  they  may  assume,  pro^ 
only  that  they  remain  parallel.  Moreover,  it  will  be  seen 
the  point  of  application  of  the  resultant,  which  we  transferre 
convenience  from  m  to  C,  may  be  at  any  point  on  the  line  c 
direction.  In  other  words,  it  is  not  fixed  by  tlie  conditioiuc 
problem,  exrept  so  far  as  this,  that  it  must  Ih)  on  the  line  m 
It  follows,  then,  that  if,  in  the  system  of  parallel  forces  of  Fi| 
we  suppose  the  components  to  revolve  about  their  points  c 
plication,  their  resultants  will  always  pass  through  the  poii 
provided  only  tliat  they  remain  parallel.  In  Fig.  14,  all 
components  have  been  revolved  through  an  angle  eqoi 
P'  G  P.  The  direction  of  the  resultant 
lias  changed  from  P'GioP  C,  but  it  still 
passes  tlmmgh  the  point  O.  In  the  posi- 
tion of  the  components  repre!<ented  by 
Fig.  13,  the  point  of  application  may  be 
at  any  point  of  the  body  on  the  line  G  P 
which  corresponds  to  the  line  G  P*  of 
Fig.  14.  In  the  second  position  of  the 
components  in  Fig.  14,  it  may  Ih)  at  any 
point  on  the  line  O  P.    The  point  0,  in 
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which  all  the  successive  directions  of  the  resultant  intersect  when 
its  components  revolve  about  their  points  of  application,  is  called 
the  centre  of  parallel  forces.  It  follows,  from  this  definition, 
that  if  the  forces  remain  parallel,  and  tlieir  points  of  appli- 
cation invariable,  this  system  of  points  may  be  turned  round 
tlio  centre  of  parallel  forces  without  changing  the  point  of  appli- 
cation of  the  resultant ;  so  that,  if  this  point  were  supported,  the 
system  woiild  remain  in  equilibrium  in  any  position  we  could 
give  it  in  turning  it  round  this  point. 

(41.)  Action  and  Reaction,  —  The  simplest  case  of  the  action 
of  one  body  upon  another,  is  when  a  body  in  motion,  which  we 
may  call  ilf,  strikes  upon  another  at  rest,  which  may  be  termed 
Jtf '.  If  M*  is  free  to  move,  it  will  be  put  in  motion  by  the  action 
of  ilf,  and  in  any  case  the  reaction  of  M\  in  retarding  itf' s  mo- 
tion, will  be  precisely  equal  to  the  action  of  ilf  in  communicating 
motion  to  M\  This  principle,  which  is  a  necessary  result  of  the 
inertia  of  matter,  is  generally  expressed  thus :  —  Action  and  re- 
action  are  always  equal  and  opposite. 

Tlie  changes  in  the  motion  and  in  the  moving  force  of  both 
bodies,  which  result  from  collision,  are  in  general  of  a  complicated 
kind,  and  depend  on  the  degree  of  elasticity  of  the  bodies,  their 
form,  mass,  and  other  circumstances.  To  simplify  the  question, 
we  shall  consider  the  bodies  as  completely  devoid  of  elasticity, 
and  so  constituted  that  after  the  collision  they  shall  move  as  one 
body.  Let  us  then  inquire  what  will  be  the  direction  and  velocity 
of  the  united  mass  after  the  impact. 

The  mass  3f' ,  being  previously  at  rest,  can  have  no  motion 
save  what  it  may  receive  from  the  mass  M^  and  consequently 
must  move  in  the  same  direction  as  the  mass  M  moved  in  before 
Uie  collision.  Again,  since  bodies  cannot  generate  or  destroy 
motion  in  themselves,  it  follows  that  whatever  motion  the  mass 
M'  may  acquire  must  be  lost  by  the  mass  ilf ;  and  also,  that  the 
total  momentum  of  the  united  masses  after  the  collision  must  be 
exactly  equal  to  the  momentum  of  the  mass  M  before  it.  If  b 
and  b'  represent  the  velocities  before  and  after  impact,  then,  by 
(29),  Jtf  to  and  (-M'+  M')  b'  represent  the  momentum  before 
and  after  impact ;  and  since  these  are  equal,  we  have 

3/b  =  (J»f+iM'0b',     whence     b  =b^f^y,.       [22.] 

Let  us  next  suppose  that  the  two  bodies  are  both  moving,  and 
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in  tlio  same  direction  ;  tlie  mus  M  with  a  velocitjr  t),  and  the 
mass  M'  with  a  velocity  b',  less  tliau  b.  What  witl  bo  tlic  eou- 
mon  velocity  after  impact  ?  The  nKimcuta  of  tlie  two  bodies  an 
jtf  b  and  M'  v.  Since  these  motions  are  in  the  Mine  direction, 
thej  cannot  bo  cither  diminislicd  or  increased  by  the  colli*- 
ion,  and  lience  tho  momentum  of  the  united  bodiea  will  be 
Mb  +  M'  b'.  ir,  then,  b"  be  the  unknown  velocity  of  Ute 
united  masses,  wo  havo 
J*fb4-Jtf'b=(.V+Jlf0b",  and  b"«='^J+-^.    [23.] 

Let  us  now  suppose  that  the  two  bodies  are  both  moving,  bat 
in  opprmte  directions,  and  that  tlio  monicnttim  of  M  is  greater 
tliau  that  of  M'.  Ou  their  collision,  the  momentum  of  ,V'  will 
destroy  just  so  much  of  that  of  M  as  is  equal  to  its  own  amount ; 
for  it  is  evident  tliat  equal  and  opftosite  momenta  must  destroy 
each  other.  The  momentum  k-ft  after  collision  mut>t,  therefore, 
equal  M\)  —  M'  b',  and,  using  b"  as  before,  we  aliatl  have 

.Wb— irb_(Af+.tfOb",  and   b="^':^J''-   [24.] 

In  the  last  case,  as  in  the  first,  the  reaction  of  the  moss  Af'  u 
equal  te  the  action  of  tlio  mara  iV.  The  action  of  tho  mass  .V 
has  consisted,  first,  in  destroying  the  momentum  of  .V',  equal  lo 
.V'  b' ;  second,  in  giving  to  it  tho  momentum  .U'  b".  The  total 
action  is  thereforo  expressed  by  ^[^  \3  +  M'  I) '.  The  reaction  of 
,1/'  has  co:isisttHl,  first,  hi  dcvlroying  a  portion  of  the  momentum 
of  M.  etjuul  to  M'  b  ;  and  second,  iu  subtracting  from  tlie  re- 
mainder of  the  monioiitniu  of  M  the  amount  which  it  has  after 
tho  collision,  or  .V  b '.    Tlu  totul  reaction  is  therefore,  as  bcfurc, 

.V  b  +  -wb'. 

Wc  will  now  suppose  that  the  two  raassos  are  moving  in  differ- 
cut  directions  ;  M  in  the  direc- 
tion A  Jt,  Fig.  !.*>,  with  a  velocity 
b>  and  M  in  ilie  direction  A'  R, 
with  a  velocity  b'.  The  direc- 
tion of  the  muliun  after  collision, 
and  tho  nioincntitm  of  the  united 
masses,  can  be  easily  ascertained 
by  the  ujiplicatiun  of  tho  prin- 
_  ciple  of  the  |iaruilclograin  (rf 
m-l^  lorces    already   explained  (vZ'). 
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liCt  the  distance  Ci)  represent  the  tnomcntiim  MO,  and  tlic  di»- 
tatico  C  £>  the  momentum  M'  b',  and  complete  the  parallclc^ram 
GDEiy.  Drav  its  diagonal  CE.  This  diagonal  vill  then 
represent  Hht  direction  of  the  common  motion  and  the  momen- 
tum of  the  combined  ma&ges,  which  is  equal  to  (JW-f-  M'')  b". 
To  find  the  velocity,  it  will  be  necessary  to  divide  the  niunber 
cspressed  by  this  diagonal  by  the  sum  of  M  and  M'. 

If,  in  the  first  case,  we  suppose  the  body  M',  at  rest,  to  bo  in- 
finitely large,  as  compared  with  the  moving  mass  M,  then  the 
ralue  of  b'  [22}  becomes  0,  which  shows  that  the  wliolo  momen- 
tum is  destroyed.  This  is  practically  the  case  when  the  moving 
mass  impinges  against  a  fixed  obstacle,  which  is  either  very  much 
larger  than  itself,  or  which  is  firmly  fastened  to  tlie  earth.  Tlio 
body  must,  however,  be  supposed  to  strike  the  surface  of  the  ob- 
stacle from  a  direction  at  right  angles  to  this  Gurface.  Should  it 
Etrike  the  surface  at  an  oblique  angle,  we  may  have  a  different 
result.  Let  us  suppose  an  unelastic  sphere  impinges  against  aa 
unyielding  surface,  2)  B  C,  in  the 
direction  A  B,  with  a  velocity  b 
and  a  momentum  M  b  ;  wha,t 
would  be  the  result  ?  By  the 
principle  of  the  parallelogram  of 
force,  the  momentum  Jlf  b  is  equiv- 
alent to  two  others,  one  in  the  di- 
rection A  X>,  and  the  other  in  the 
direction  D  B.  The  first  will  bo 
destroyed  at  the  impact ;  but  the  second,  which  is  equal  to 
M  b  cos  a.  wilt  give  the  sphere  a  motion  with  the  velocity  b  cos  a 
la  the  direction  B  C.  In  the  figure  the  surface  is  a  )ilane,  but 
the  demonstration  is  true  for  any  curved  surface  ;  in  f  uch  cases, 
liowever,  the  plane  D  B  C  oi  the  figure  is  the  tangent  piano  to 
the  surface  at  the  point  of  contact. 

It  follows  from  tlie  above  discussion,  that  the  loss  of  mo- 
mentum in  a  mass,  M,  impinging  on  another  mass,  M',  when  at 
rest,  is  always  proportional  to  its  velocity.    This  loss,  aa  can 
easily  be  deduced  from  [22],  is  equal  to 
1^    MM- 
^  M-\-M'' 
a  quantity  whose  value  is  evidently  proportional  to  that  of  1). 

In  all  the  above  cases,  it  can  easily         shown  that  the  re- 
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action  of  tlio  bodj  M'  is  always  exactly  equal  and  opposite  to  the 
action  of  the  Ixxly  M.  The  same  is  also  true,  when  the  body  M 
acts  on  the  body  M'  through  tlie  forces  of  gravitation,  electri- 
city, magnetism,  etc.,  and  not  by  direct  impact.  A  needle,  for 
example,  attracts  a  magnet  with  exactly  the  same  force  with 
which  the  magnet  attracts  the  needle ;  and  were  both  froe  to 
move,  the  magnet  would  move  towards  the  needle  as  well  as  the 
needle  towards  tlie  magnet.  It  is  also  true,  when  a  body  docs  not 
strike,  but  merely  presses  against,  an  obstacle,  —  as,  for  example, 
when  a  weight  rests  on  a  table, — that  the  reaction  of  the  obstacle 
is  exactly  equal  to  the  pressure. 

(42.)  Power ^  or  Living  Force,  —  It  has  been  shown  (14),  tliat 
the  intensity  of  a  force  is  measured  by  M  n.  In  the  case  of  a  loco- 
motive, for  example,  M  represents  the  whole  mass  of  the  locomo- 
tive and  train,  and  n  the  acceleration  of  velocity  imparted  by  the 
moving  force  each  second.  Were  the  motion  not  retarded  by 
friction  and  otiier  causes,  its  velocity  would  increase  indefinitely, 
according  to  the  laws  of  uniformly  accelerated  motion  already  de- 
scribed. In  fact,  however,  with  a  given  force,  F,  this  velocity  soon 
comes  to  a  maximum,  which  it  does  not  exceed ;  and  so  long  as  tlie 
force  and  the  resistance  do  not  vary,  the  train  moves  with  a  uni- 
form motion.  During  this  time  the  action  of  the  force  is  exactly 
lialanced  by  the  resistance  arising  from  friction  and  other  causes, 
and  the  train  moves  in  virtue  of  the  momentum,  ilf  t),  previously 
acquired..  In  tlie  space  passed  over  by  tlie  train  each  second,  tlie 
counteracting  forces  just  neutralize  the  force  F,  exerted  by  the 
moving  agont  during  the  same  period.  It  might  now  be  supposed, 
that,  if  this  force  were  suddenly  quadnipled,  so  as  to  equal  4  F, 
the  vehKrity  would  again  increase  until  it  attained  to  four  times  its 
present  amount.  In  fact,  howevbr,  its  velocity  rapidly  increases, 
but  only  to  twice  its  present  amount;  and  tlien  it  is  found  that  the 
nvHi«itance  is  again  just  balanced  by  the  greater  force.  Ttiat  this 
must  l»e  the  case  can  be  seen  by  reflecting,  that,  with  a  double 
vt'locity,  the  moving  train  posses  over  double  tlie  space  each  sec- 
ond, and  thoreforo  encounters  twice  as  many  [loints  of  resistance. 
Mon*over,  it  strikes  each  of  these  {Kiintn  with  double  the  velocity, 
and  hence  inw»ts  at  each  point  twice  the  resistance.  It  there- 
fore meets,  during  a  second,  twice  as  many  points  of  resist- 
ance, and  sufieni  at  each  point  twice  as  inuoh  resistance.  The 
resistance  during  a  second  is  tlius  four  times  as  great  as  befurat 
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and  must  require  four  times  as  much  force  to  overcome  it.  In 
order  to  obtain  three  times  the  velocity,  it  would  be  necessary  to 
increase  by  nine  times  tlie  force ;  and  in  general  the  force  re- 
quired will  be  proportional  to  the  square  of  the  velocity  to  be 
attained.  What  is  true  of  the  motion  of  a  train  of  cars  is  true 
also  of  the  motion  of  a  steamboat,  and  indeed  of  all  motion 
whatsoever  by  which  work  is  or  may  be  accomplished.  Hence 
the  ability  of  a  force  to  do  work  is  proportional,  not  to  the 
velocity,  but  to  the  square  of  the  velocity  which  it  imparts  to 
the  moving  body. 

The  space  passed  over  during  a  second  by  a  body  starting  from 
a  state  of  rest,  is  equal  to  1 1)  [5].  The  intensity  of  the  force 
which  has  moved  it  over  this  space  is  equal  to  ilf  o  The  product 
of  the  intensity  of  the  force  by  the  space  passed  (the  number  of 
points  at  which  it  has  acted),  represents  the  work  accomplished 
by  the  force.  This  product,  equal  to  i  M  tfj  was  named  by 
Leibnitz  vis  viva^  or  living'  force^  to  distinguish  it  from  force 
which  does  not  produce  motion,  but  only  pressure  ;  and  which  he 
named  dead  force.  A  discussion  was  excited  by  Leibnitz  on  this 
subject,  in  which  all  the  mathematicians  of  the  eighteenth  cen- 
tury took  part,  and  which  continued  for  more  than  forty  years ; — 
one  party  claiming,  with  Leibnitz,  that  force  was  proportional  to 
the  square  of  tlie  velocity  ;  and  the  other,  that  it  was  propor- 
tional to  the  simple  velocity,  —  the  first  party  measuring  force 
by  the  vis  viva^  and  the  other  by  the  mometUum.  As  not  unfre- 
quently  happens  in  such  cases,  both  parties  were  right ;  and  their 
two  opinions  were  harmonized  by  introducing  the  element  of 
time.  For,  as  we  have  seen,  the  living  force  represents,  not 
the  intensity  of  the  force  at  any  instant,  which  is  always  meas- 
ured by  M  P,  but  the  work  which  the  force  will  accomplish  dur- 
ing a  second  of  time. 

It  represents,  in  other  words,  the  power  or  quantity  of  the  force, 
in  distinction  from  the  intensity  of  the  force.  The  intensity  of  a 
force  has  been  represented  by  F.  The  power  or  quantity  of  a 
force  may  be  denoted  by  P.     Hence, 

F=Mx>,    and     P  =  ^  M i>\  [25.] 

The  word  force  is  generally  used  in  a  restricted  sense,  as  in  (29), 
to  denote  only  the  inte^isity  of  any  effort,  the  quantity  of  the  force 
exerted  being  called  power.     These  terms  will  be  adopted  witli 
tfadr  usual  i         in  this  volume. 
^  5- 
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PBOBLEMS. 

Note.    Tlie  foUowing  problemt  fhould  be  tolTed  both  hj  gfwamilml 
Bud  bjr  tr^onovMCry,  wbsMrer  both  latbodi  an  ■pplJoibU. 

Mea$ur€  of  Farce* 

25.  A  moM  of  matter  equal  to  10  uniu  of  mass  receires  an  aoceleratioo 
from  a  ^ivi*n  force  of  5  metres.     What  u  the  intenaitj  of  the  foroe  ? 

26.  A  masM  of  matter  equal  to  7  unit«  of  mass  receives  an  aecelcfr 
tion  from  a  given  force  of  9.8  metres.     What  is  the  intensitj  of  the 

force  ? 

27.  A  mass  of  matter  equal  to  15  units  of  mass  receives  an  aocefera- 
tion  from  a  given  force  of  1.654  metres.  What  is  the  intensitj  of  the 
force  ? 

2H.  A  maM  of  matter  equal  to  20  units  of  mass  receives  an  acceletm* 

tion  from  a  given  force  of  26.243  metres.     What  is  the  intensity  of  the 

force? 

Momentum. 

29.  A  railroad  train  whose  mass  equals  1000  units  is  travelling  with 
a  vekicttj  of  50  kilometres  an  hour.  AVhat  is  its  momentum  ?  How 
many  unitrt  of  force  would  be  required  to  stop  the  train  in  ten  minutes^ 
su|>|)Oe(ing  tlie  moving  power  to  cea£»e  acting  ? 

d<K  A  v<*9i»el  who8e  maM  equals  12(>,(K)0  units  is  moving  with  a  ve- 
locity of  2.25  metres.  Wlmt  is  its  momentum  ?  How  many  units  of 
font;  would  Ur  required  to  stop  it  in  five  minutes,  supposing  the  moving 
|M>wiT  tu  ct'aite  acting  ?  If  the  rt*«i«tance  of  the  water  and  other  caostes 
of  n*tanlHti(>ii  an*  <*qui valiant,  on  an  average,  to  a  fon*e  of  900  units,  how 
Mx>n  would  the  ve«»el  come  to  retit  aAer  tlie  moving  power  ceased  ? 

Comp«>$ition  of  Forces. 

31.  lliree  forct*H  an*  acting  on  a  point  in  the  direction  A  H  equal  re- 
sp€Htiv«'ly  to  2(^  35,  and  70  unitK.  In  the  o|>|Mk(itf*  direction,  B  A.  mrc 
acting  four  f<in*f*s  equal  n*Hp4H'tiv«*ly  to  10,  45,  15,  and  30  unitA.  What 
iA  the  inlfu^ilv,  and  what  th«*  din'clion,  of  tlie  n*Aultant ? 

32.  A  lon*«*  <*4|uul  to  1<NK>  unitA  iit  a<*ting  on  a  fwint  in  the  din^ction 
If  A,  What  in  tilt;  intrii»ily  of  earh  of  two  ex »m|MMU*nts,  which  are  to 
c:i4  li  <»lhfr  iiH  3  :  5,  tind  tM»ih  of  which  an*  ai*ting  in  the  same  din*cti<m  as 
till*  n*«>ulfiint  ?  What  U  tlic  int«*nMty  (»f  eai*h  of  two  com|ionentj4,  one  of 
wliu'h  aru  in  tli«>  din*i*tion  of  the  n^i^ultant  and  the  other  in  an  opposite 
dinvtiiMi,  and  wliirli  are  to  each  other  in  the  n*latiiMi  of  3:5? 

33.  li  14  n*quin'd  to  n'Milv«'  a  r<in*<*  f*<|ual  to  441  units  into  »ix  coni|io- 
ncnt%  in  lh«*  muik*  din-ction  an  th«*  n-i^ultant,  whom*  intensities  shall  be  to 
each  oiImt  a^   1:2:  2'  ;  2*  :  2*  :  2*. 

31.  It  ij»  n'f^uin*d  to  n.*»olve  a  fonx*  equal  to  44  units  into  six  ooaipo> 
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nents.  Three  of  these,  which  have  the  same  direction  as  the  resultant, 
•re  to  each  other  as  1  :  3  :  5  ;  while  the  three  others,  which  have  an  op- 
posite direction,  are  to  each  other  as  1  :  2  :  3.  Moreover,  the  sum  of  the 
first  is  5.4  times  greater  than  the  sum  of  the  last« 

35.  Two  forces  are  acting  at  right  angles  to  each  other  on  one  point. 
The  force  jP'  —  5  units,  and  the  force  F"  —  5  V  3^  units.  What  is 
the  intensity  of  the  resultant  ?  and  what  is  the  angle  which  its  direction 
makes  with  the  direction  of  F'  ? 

36.  Two  forces  acting  at  right  angles  on  one  point  are  equal,  F'  to  3 
units,  and  F"  to  4  units.  What  is  the  intensity  of  the  resultant  ?  and 
what  is  the  angle  which  its  direction  makes  with  the  direction  of  F'? 

37.  It  is  required  to  resolve  a  force,  ^  —  100  units,  into  two  compo- 
nents, F'  and  F",  making  with  F  the  angles  65°  and  25°  respectively. 
What  must  be  their  intensities  ? 

38.  It  is  required  to  resolve  a  force,  JF*  »>  100  units,  into  two  compo- 
nents at  right  angles  to  each  other,  one  of  which  which  shall  be  equal  to 
30  units.  What  must  be  the  value  of  the  second  component  ?  and  what 
the  Talues  of  the  angles  which  both  components  make  with  the  resultant  ? 

39.  Two  forces,  each  equal  to  100  units,  act  on  one  point.  The  angle 
made  by  the  directions  of  the  two  forces  equals  45°.  What  is  the  value 
of  the  resultant  ? 

40.  The  directions  of  two  forces,  F^  —  100  and  F"  —  50,  acting  on 
one  point,  make  an  angle  of  145°.  What  is  the  value  of  the  resultant 
F?  and  what  are  the  angles  which  F  makes  with  F'  and  F"? 

41.  It  is  required  to  decompose  a  force,  ^  =  125,  into  two  compo- 
nents, the  direction  of  each  of  which  shall  make,  with  the  direction  of  F, 
an  angle  of  25°.     What  will  be  the  value  of  each  component  ? 

42.  It  is  required  to  resolve  a  force,  F  =«  100,  into  two  components, 
F'  and  F",  whose  direction  shall  make,  with  the  direction  of  -P,  the  an- 
gl<^  of  10°  and  20°  respectively.  What  will  be  the  value  of  each  com- 
ponent ? 

43.  Five  forces,  whose  directions  are  in  the  same  plane,  act  on  one 
point.  The  intensities  of  the  forces,  and  the  angles  which  their  directions 
make  with  a  fixed  direction  passing  through  the  point  of  application  in 
the  same  plane,  are  given  in  the  following  table :  — 


Inlcoaity  of  tb*  ForoM. 

Inclination  to  the  fixed  Direction. 

90 

50° 

100 

120° 

120 

170° 

50 

2.>0° 

40 

200° 

What  is  the  intensity  of  the  resultant  ?  and  what  is  tlie  angle  which  its 
direction  makes  with  the  flx< 
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44.  The  force  /*  —  100  is  resolved  into  two  oompoiienti,  F'  —  100 
and  F"  •—  150.  What  are  the  angles  which  the  directions  of  these  cooh 
ponents  malie  with  the  direction  o(  F? 

4o.  At  the  extremities  of  a  straight  line  44  c.  m.  loog,  two  parallel 
force*,  F*  —  1«3  and  F"  »>  7,  are  acting  in  the  same  direction.  What 
is  the  intensity  of  tiie  resultant  ?  and  what  b  the  position  of  the  centre  of 
the  two  forces  ? 

46.  At  the  extremities  of  a  straight  line  12  cm.  long,  two  paraUel 
forces,  /*'•>-  19  and  F"  ^13,  are  acting  in  op|>osite  directions.  What 
is  the  intensity  of  the  resultant  ?  and  what  is  the  position  of  the  centre  of 
the  two  forces  ? 

Action  and  Reaction. 

47.  A  mass  M  ^  20  units,  moving  with  a  velocity  of  5  nu,  meets 
a  second  mass  M'  •>-  15  units,  which  is  at  rest.  What  will  be  the  ve* 
locity  of  the  combined  masses  aAer  collision  ?  In  this  and  in  the  fiew 
succ*eeding  pn>bl«*ms  the  masses  are  sup|>ose<l  to  be  unelastic,  and  to 
constituted  that  aAer  the  collision  they  will  move  on  together  as  one 
body. 

4^.  A  mass  Jf  •»  500  units,  moving  with  a  velocity  of  15  ni.,  strikee 
another  ma?ts  Jf'  ^  50  units,  moving  with  a  velocity  of  10  m.  in  the 
same  din*ctioii.  What  will  be  the  velocity  of  the  combined  miters 
aAer  the  collision  ? 

49.  A  maiM  M^  250  units,  moving  with  a  velocity  of  SOnin  meets 
another  ma^M  M'  ^  «3<N)  unit.s  moving  with  a  velocity  of  2  m.  in  the  op- 
posite diriHtiun.  Wliat  will  be  the  velocity  of  the  combined  masses  aAer 
the  coUii^ion  ? 

54).  A  mass  M  ^m  25  units,  moving  with  a  velocity  of  5  m.,  meets  an- 
fithrr  nia.<^(i  M'  ^  lU)  units,  moving  with  a  velocity  of  2  m.  The  direc- 
tions of  the  two  motionii  iM'lore  collision  make  with  etwh  other  an 
angle  of  75*.  Wlml  will  be  the  vehicity  of  the  combined  masucs 
aAer  the  collision  ?  an<l  wliat  will  be  the  angle  nuule  by  tlie  dinnnion 
of  the  n*suhing  motion  with  the  dire<*tions  of  the  two  motions  before 
collision  ? 

GRAVITATION. 

(4.1.)  Dffinition,  —  When  NkUcs  near  tlic  surface  of  the  earth 
arc  left  uiisu|>|M>rt<M|,  tliey  fall  to  the  ground  ;  or,  if  supported, 
they  exert  a  dowiiwanl  pressun?,  which  we  term  their  irri^l. 
The  caujjo  of  tliew*  ph«'iionuMia  is  called  the  force  of  f^aviiff. 
This  fun-o  is  the  attraction  which  the  earth  exercises  upim  all 
bodies  ou  or  near  its  surface,  and  is  only  a  particular  case  of  a 
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^Bcral  force  of  nature,  in  rirrae  of  tI:::: 
verso  attract  each  otiier.  Tith  a  5?r*/e  Cr:«f 
aiid  tlioir  mutual  distances.  Anr.-zi-:-^;  • 
examples  of  tliis  force,  in  tlie  mo'd  :-^  ■.:'  lo* 
il  can  also  !«  shown  tliai  ilie  sizn-  frn  i 
ina.>^HK(  of  matter  willi  wlach  t*  *i:.-:r-:=,--i: 
gluW.  The  existence  of  iLis  for.-i  .'  L-.-.^wr. 
culy  bodies  uras  first  r^i'Ciiii-i  :t  >'^*^.'1 
law  whicli  it  obej*-  Lii  ri't ::  .:  "i^  :.i.nif 
fafioH.  In  tliij  T.-rs.  t-  i:^!  c-j  i—--:  •. 
phenomena  of  cr^- ■^.-.i  ^i  t-_.;i  i.^:  :i,--j 
which  the  eanh  '.:L',r.t :  ■-  ■  --^-^  jl  ^  ira^- 
tliun  inquire  wha:  .-  ■_!•.  '—•--,  _  f-i^  i.^ 
uid  wliut  the  im-rr.:.:.'"  ■'  ■— ■■  -r-.  '  .^ 
(44.)  /)tVfr/i'."<  :,''  '"■  ^'^  ^-r--: 
stated  (27),ttiat  ::.^  .--.-.,,.  _  .  .-- 
motion  which  it  cau--.--.  •  ■--  l^-v---.-.  r 
exerts,  AVlien  buiii';:  L~  -— -;  ;.-- am 
extended,  would  [>ii--=  ".-J-.c^^  >  -..-i^jt.  ( 
of  dio  glohe,  called  its  c*»c-i  -r  au-x:m. 
uf  the  force  of  (rraviii.:-  i  .;  \j£  .-  ^  j, 
iif  attraction  of  tliceani.:.  -  -  ■,■;_;  (  x. 
This  direction  is  given  '  j  t ;- .  h^i.  t^ 
weight,  K-:--"'~-    .-    »-«_ 

■^i^     lliusfreelv  .-_->.-.  ^  ,  ^  , 
"(^     that  the  yr':--.-  -i-^  ,- 
of  gravitiit:  ■:.        .     _.    , . 
the  line.     Il   .-  -;  :      ,.. 

tion  A  C.     1  .-  y~ '-  u....|, 
a  moment  ti.-  '  ■■■.-  'V-..^ 
nuro  wen;  in  t: ;  ■r.^   ^ 
•       _  yl  yj;  then  li.t  : -r  -  .  ^ 

'*    "  ,4  fl  conlil  \f-:  ''-.-.•JtbMK 

CDniiKJiicnts,  one  in  the  din.ct.v:  .-.  .^ 
be  ueutraliz(;d  l>y  the  resi-'ji-u'>.  ,  ^ 
susj»(;nsitiu,  the  uther  in  tlie  'ji!v:ut^^^ 
would  cause  motion.  As  l-y  »■■'"■•—  ■^_ 
is  at  rest,  it  follows  tliat  th';  •imximu.t,^ 
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also  the  direction  of  the  force  of  gravitation,  miut  be  that  of  tlio 
plumb-line. 

If  several  plumlvlines  be  placed  near  each  other,  it  will  be 
found  that  tlie  lines  when  at  rest  will  all  be  sensibly  parallel  to 
each  other ;  because  tlieir  distances  apart  are  inconsiderable  in 
comparison  with  the  lengtli  of  the  radius  of  the  earth.  Hence 
the  directions  of  the  forces  of  gravity  exerted  by  tlie  earth  on 
neighboring  bodies  are  parallel.  The  direction  of  the  plumb- 
line  at  any  place  is  called  tlio  veriical  direction^  and  the  di- 
rection perpendicular  to  this  the  horizanial  direciiom.  The 
surface  of  a  liquid  at  rest,  as  will  be  proved  hereafter,  is  always 
horizontal,  and  therefore  perpendicular  to  the  plumb4uie. 

(45.)  Point  of  AppliccUion  of  the  EariVi  Attractiom.  —  As 
every  particle  of  a  body  is  similarly  situated  towards  tlie  earth,  it 
follows  that  every  particle  must  be  equally  attracted,  and  tliat 
there  must  be  as  many  points  of  application  as  there  are  parti- 
cles of  the  body.  The  action  of  the  earth's  attraction  may  there- 
fore be  regarded  as  the  action  of  an  infinite  number  of  parallel 
and  equal  forces  on  as  many  distinct  points  of  application.  The 
resultant  of  tliese  forces  can  be  easily  found  by  extending  the 
method,  discussed  in  (89),  of  finding  the  resultant  of  several 
parallel  forces,  to  the  case  where  the  number  of  forces  is  infinite. 
As  the  general  conclusions  of  (89)  are  independent  of  tlie  num- 
ber of  parullel  forces,  it  follows  that  the  direction  of  the  result- 
ant of  the  forces  of  gravity,  acting  on  the  particles  of  a  body,  is 
ptirallcl  to  the  common  direction  of  tlie  forces,  and  also  that  the 
intensity  of  the  resultant  is  equal  to  the  sum  of  the  intensities  of 
tlie  components. 

If,  for  example,  A  B  (Fig.  19)  represents  a  mass  of  matter, 
and  tlie  small  arn>ws  |iointing  vertically  downwards  represent 
the  directions  of  the  frruvituting  forces  acting  on  the  {>articles  com- 
|)Osiiig  such  ina.«<5,  i\\o\\  it  follows,  from  what  has  l>eeii  explainetl, 
that  the  resultant  of  all  thcM)  forces  will  have  a  direction,  D  A\ 
{Mrallel  to  tlnnr  common  din^ction,  and  will  have  an  intensity 
e<}ual  U)  tlu'ir  ^uni.  The  iMK^ition  of  this  resultant  remains  yet  to 
lie  detenniiuMl.  The  principles  of  mathematics  enable  us,  in  many 
cases,  to  conihino  tog<;ther  the  forces  acting  on  all  the  particles 
of  a  IkmIv,  by  extending  the  method  used  in  (89),  Fig.  18,  and 
thus  to  calculate  the  exact  {>oMtion  of  the  resultant ;  but  its  posi- 
tion can  in  most  cases  be  determined  more  readily  by  experi- 
ment. 
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If,  in  Fig.  19,  we  nippose  that  the  liae  represented  hy  the  large 
arrow  ia  tiie  directioii  of  the  reBultant,  it  is  evident  that,  if  any 
pouit,  such  as  Cf  on  that  line,  is  supported,  the 
body  will  remain  at  rest ;  because  the  resultant 
of  all  the  forces  acting  upou  the  body  liaving  the 
direction  D  E,  will  be  expended  in  pressure  on 
the  fixed  poiut  C.  It  is  uot  eseeutial  tliat  tlie 
point  of  support  ihould  be  in  tlie  body,  for  the 
tame  would  be  true  for  any  point  in  the  direc- 
ikm  of  the  arrow  D  E.  If,  for  example,  D  were 
t  pin,  fmn  which  tiie  body  was  suspended  by,  I 
a  Uiread  attached  to  tlio  body  at  any  point  in  tlie 
line  D  C,  then  the  body  would  still  remain  at  ''k  i" 

rest ;  for,  as  before,  tlio  resultant  having  the  direction  D  E  would 
be  expended  in  pressure  on  the  pin  at  D.  It  would  be  different, 
howerer,  with  a  point  of  support  not  in  tlie  direction  of  tlie  arrow, 
rach  as  P.  If  the  body  be  connected  with  this  point  by  a  string 
UUched  at  C,  it  will  no  longer  remain  at  rest;  for  the  resultant 
D  E,  acting  at  the  point  C,  can  be  decomposed  into  two  compo- 
nents,—  tlie  first  in  the  direction  of  C  if,  which  would  be  ex- 
pended in  pressure  on  tlio  point  P,  and  the  second  in  tlie  direction 
C  I,  which  would  move  the  body  towards  Uio  vertical  line.  It 
follows,  therefore,  that,  if  a  body  bo  supported  by  a  fixed  point, 
it  cannot  remain  at  rest,  unless  the  resultant  of  all  the  parallel 
forces  which  gravity  exerts  upon  its  particles  passes  through  tliat 
point. 

This  fact  gives  us  the  means  of  ascertaining  experimentally 
the  position  of  tlie  resultant  of  the  parallel  forces  wliich  gravity 
exerts  upon  the  particles  of  a  body.  We  have 
only  to  suspend  it  by  a  string  attached  to  any 
point  of  the  body,  and  the  diroctiou  wliich  tbe 
string  assumes  will  be  the  direction  of  the  re- 
sultant of  the  forces  of  gravity  when  the  body 
is  in  that  position.  In  Fig.  20,  for  example,  tlio 
resultant  of  tlio  forces  which  gravity  exerts  upon 
ilic  particles  of  tlio  chair  is  the  lino  A  B,  when 
the  choir  is  in  the  position  represented  in  the 
Qgiire.  If  we  attacli  the  string  to  another 
point,  the  chair  will  take  anotlicr  position,  and 
tlie  resuUout  will  also  chango  its  position  to  the 
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line  CD^  Fig.  21.     We  should  find,  by  experiment,  thmt 
every  point  of  suspension  there  would  be  a  different  poiutioi 

tlie  chair,  and  also  a  diflforent  poaitioi 
the  resultant 

When,  in  any  given  position  of  a  Im 
we  have  determined  the  position  of 
resultant  of  the  forces  of  gravity,  we  1: 
also  determined  a  line  on  which  the  p 
of  application  of  Uie  earth's  attraction  u 
bo ;  because,  by  (32),  this  point  maj 
any  point  on  the  line  of  the  resultant.  ' 
position  of  the  line,  however,  will  dep 
on  the  fiosition  of  the  body ;  and  th 
^  fore,  in  order  to  determine  it,  the  poeii 

of  tlie  body  must  be  given. 
(46.)  Centre  of  Gravity.  —  Wlien  a  body  is  turned  round 
any  direction,  it  is  easy  to  see  that  the  lines  of  direction  of  tlie  ] 
allel  forces,  which  gravity  exerts  on  its  particles,  revolve  al 
their  points  of  application,  retaining  their  parallelism.  Ueuc 
follows,  from  (40),  that,  in  any  position  which  Uie  body  may 
sume,  the  resultant  of  these  forces  will  always  pass  tlirougti 
same  |K>int.  This  common  {loint  of  intersection  of  the  result! 
of  tlie  forces  of  gravity,  in  any  position  which  the  body  may 
sunic,  is  tcnned  the  centre  of  gravity.  This  point  lias  sev* 
im|M>rtunt  relations,  which  we  will  now  consider. 

The  centre  of  gravity  may  always  be  regarded  as  ike  /n 
of  application  of  the  resultant  of  the  forces  tthick  gy'avity  exi 
upon  the  particles  of  a  body^  because  it  has  been  proved,  fi 
tliat  the  |K>iiit  of  application  may  l>o  any  |)oii)t  on  the  line  of 
resultant ;  secondly,  that  the  centre  of  gravity  is  a  point  comi 
to  all  the  resultants. 

When  the  centre  of  gravity  is  supported^  the  body  remaim 
rest.  If  the  C4*ntre  of  gravity  l>e  supported  on  a  point  or  a 
and  the  InmIv  is  free  t4i  turn  round  such  axis,  the  body  will 
muin  at  rvM  in  any  |>fHiition  in  which  it  can  be  placed.  1 
rcNult  follows  n(H.*i*>Kirily  from  the  la>t ;  for,  as  the  point  of  a|i 
cation  of  the  n^^ultant  is  fixed,  the  whole  intonfity  of  the  foi 
of  (rnivity  lnu^t  Im*  ox|)endcd  in  pressure  against  this  point. 

The  trholc  attractive  force  exerted  by  a  mass  of  matter  t 
be  regarded  as  emanating  from  its  centre  of  gravity.     The  p 
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ciple,  that  action  and  reaction  are  always  equal  and  opposite, 
applies  to  the  attraction  of  gravity  exerted  by  one  mass  of  matter 
oTcr  another.  The  earth  is  attracted,  by  a  body  near  its  surface, 
with  a  force  exactly  equal  to  the  attraction  exerted  by  the  earth 
on  tliis  body.  Now,  since  the  attraction  of  the  body  must  be 
equal  and  opposite  to  that  of  the  earth,  it  follows  that  the  re- 
sultant of  the  force  must  be  on  the  same  line  with  the  centre  of 
f^Yiiy,  and  hence  may  always  be  regarded  as  emanating  from 
it.  Hence,  also,  the  attraction  of  the  earth  may  be  regarded  as 
emanating  from  some  one  point,  which  is  not,  however,  the 
same  as  the  centre  of  its  figure,  and,  moreover,  it  is  variable. 

A  singular  result  follows  from  the  principle  of  reaction  above 
stated,  since  it  must  be,  when  a  body  falls  to  the  ground,  that 
the  earth  must  rise  to  meet  the  body,  —  and  this  is  true  ;  but  the 
extent  of  the  motion  of  the  earth  is  as  much  less  than  that  of 
the  body,  as  the  mass  of  the  earth  is  greater  than  the  mass  of  the 
body.  Representing  by  m  the  mass  of  the  body,  we  have  for  the 
intensity  of  the  earth's  attraction  m  0 ;  and  representing  by  M 
the  mass  of  the  earth,  we  have  for  the  intensity  of  the  body's  at- 
traction for  the  earth  M  0' ;  and  since  these  are  equal,  wo  have 

m  0  =  ikfc',     or    0'  :  0  =  w  :  JkT ; 

that  is,  the  velocity  acquired  by  the  earth  at  the  end  of  one  sec- 
ond is  as  much  less  than  that  acquired  by  the  body,  as  the  mass 
of  the  body  is  less  than  that  of  the  earth. 

(47.)  Position  of  the  Centre  of  Gravity.  —  For  the  methods 
of  calculating  the  position  of  the  centre  of  gravity,  we  must  refer 
the  Ftudent  to  works  on  Mechanics,  since  these  methods  depend 
oil  the  principles  of  the  higher  mathematics.  The  position  of 
the  centre  of  gravity  can  be  found  experimentally  by  suspending 
the  liody  by  a  cord  from  two  points  successively,  as  represented 
in  Figs.  20,  21.  The  point  where  the  line  of  the  cord  produced 
ill  one  position  intersects  Ijie  line  of  the  cord  produced  in  the 
Kccond,  is,  by  (46),  the  centre  of  gravity.  It  can  thus  be  proved, 
that,  when  a  homogeneous  body  has  a  regular  form,  the  centre  of 
gravity  is  at  the  centre  of  the  figure.  This  is  the  case  with  the 
Fphcre,  the  cul>e,  the  octahedron,  and  the  other  regular  solids  of 
geometry.  So  also,  when  a  homogeneous  body  has  a  symmetrical 
axis,  the  centre  of  gravity  will  he  a  point  of  this  axis.  Thus,  in 
a  cone,  the  centre  of  g    rity  is  ui  the  axis  of  the  cone,  and  it  can 
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through  tho  cdgo  of  the  base,  as  in  Fig.  26,  the  aliglitest  fore* 
vill  overtuTD  it.     If  it  poMes  outside  of  the  bwe  (Fig.  27),  then 


»%« 
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the  centre  will  be  unsupported,  and  the  cylinder  will  &11.  Tbeaa 
principles,  which  hare  been  illustrated  by  ft  cyliuder,  may  be 
readily  extended  to  other  bodies. 

When  a  body  rests  on  two  or  more  points,  it  is  not  neccsaaiy 
for  its  stability  that  its  centre  of  gravity  should  5e  diroctly 
over  one  of  these  points ;  it  is  only  necessary  that  its  Tcrtical 
sliould  full  l>ctwccn  them.  If  a  body  rests  on  two  points,  it 
is  supported  as  effectually  as  if  it  rested  on  an  edge  coineidiiiy 
with  the  straight  line  which  unites  the  two.  If  it  rests  on  tltres 
points,  it  i»  HipiMfted  as  ftrmly  as  it  would  be  by  a  triangular 
baiio  coinciding  with  the  trianglo  of  which  the  three  point*  an 
vertices. 

A  familiar  condition  of  equilibrium  is  prewntod  by  a  spben 
resting  on  a  level  plane.  Such  a  sphere  has  but  one  pmnt  at 
support,  and  this  is  directly  under  the  centre  of  gravity.  If  the 
Fplicre  is  rolled  upon  the  plane,  the  centre  of  gravity  will  neither 
rise  nor  full.  Ilcncc  any  force,  however  slight,  will  cause  it  to 
move  ;  ntnl.  on  the  other  hand,  the  body  will  have  no  tendency, 
uf  itM'If.  to  chaiifTO  its  {xKiition  when  it  is  disturbed.  This  condi- 
tion I*  called  nrutral  equilibrium.  A  cylinder  resting  witli  its 
edge  on  a  ]>lano  and  level  surface  is  another  example  of  neutral 
cquilitinuni. 

(4'.).^  hleiuily  of  the  Earth's  Atlractiom.—T\ie  falling  of  ft 
stone  In  the  earth  is,  as  has  In.'en  sutcd  (,-1),  »ti  example  of  a 
uniformly  accelerated  motion.     Uencc,  tlie  force  of  gravitatioit 
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must  be  a  force  of  constant  intensity  (27).  The  amount  of  ao- 
celcratiou,  as  was  also  stated  (21),  at  the  latitude  of  Paris,  is 
0  3=B  9.8088  metres.  This  acceleration  is  the  same  for  all  masses 
of  matter,  whether  large  or  small.  The  apparent  contradiction 
to  this  statement  in  common  experience  arises  from  the  fact,  that 
the  fidl  of  light  bodies  is  more  retarded  by  the  resistance  of  the 
air  than  that  of  heavy  bodies.  If,  however,  tlie  experiment  is 
made  in  a  vacaum,  it  will  be  found  that  a  gold  eagle  and  a  feather 
will  ftll  with  equal  rapidity.  The  intensity  of  a  force  is,  as  we 
have  seen,  equal  to  JIf  0.  Bepresenting  the  intensity  of  the  force 
of  gFavity,  which  acts  on  a  given  mass  of  matter,  M,  by  &,  we 
shall  have,  for  the  latitude  of  Paris, 

G  =  M  9.8088  (units  of  force).  [26.] 

For  any  other  mafs  of  matter,  ill',  we  shall  have,  in  the  same 

wav 

G'  =  M'  9.8088  (units  of  force). 

Hence, 

G:  G'  =  M:  M'.  [27.] 

Tlic  intensity  of  the  earth's  attraction  is  therefore  proportional 
to  the  quantity  of  matter  on  which  it  acts.  In  other  words,  the 
force  increases  with  the  quantity  of  matter  to  which  it  is  applied. 
In  this  respect  gravity  differs  from  many  other  forces  with  which 
we  arc  familiar,  from  muscular  force  and  the  force  of  a  steam- 
engine,  for  example,  shicc  these  have  a  constant  value,  and  do  not 
vary  with  the  amount  of  matter  to  which  they  arc  applied. 

We  assumed  (45)  that  the  earth's  attraction  acts  equally  on 
every  particle  of  matter.  If  this  is  true,  it  follows  that  the  re- 
sultants of  all  the  forces  of  gravity  acting  on  the  separate  parti- 
cles of  two  bodies  must  be  proportional  to  the  number  of  par- 
ticles in  each;  in  other  words,  to  the  masses  of  the  two  l)odics. 
That  tliis  is  the  case,  is  proved  by  the  ex])eriment  on  falling 
lK)dics  alluded  to  above,  and  by  the  proportion  [27]  which  fol- 
lowed.    Hence  the  assumption  of  (4o)  was  correct. 

As  the  intensity  of  the  force  of  gravity  varies  with  the  amount 
of  matter  on  which  it  acts,  we  must,  in  estimating  the  strength 
of  this  force  in  different  places,  always  compare  the  intensities 
of  the  force  when  acting  on  equal  masses  of  matter.  It  simpli- 
fies the  subject,  to  take  a  quantity  of  matter  equal  to  the  unit  of 
mass  in  each  case.     Representing  then  by  g  the  intensity  of  the 

6» 
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attraction  of  graTitation  for  the  unit  of  mass,  we  can  eaaljr  d»- 
duce  from  [26], 

y  =  9.8088  (unUs  of  farce} ;  [28.] 

and  abo 

G  =  Mg  (umis  of  force).  [29.] 

In  this  book,  f  ^H  always  be  used  to  express  the  intenntj  of  the 
force  of  grarity  acting  on  the  unit  of  mass,  or,  in  general,  the 
intensity  of  the  force  of  gravity ;  and  O  will  always  be  used  to 
express  the  intensity  of  tlie  force  of  gravity  acting  on  a  given 
mass,  M.  In  every  case  they  both  stand  for  a  eertain  number  of 
units  of  force.  The  intensity  of  the  earth's  attraction  varies 
slightly  at  different  points  of  its  surface ;  thus,  at  the  equator, 
g  «t  9.7806  ;  at  the  latitude  of  Paris,  as  above,  g  -«  9.8088 ; 
and  at  the  pole,  g  —  9.8314. 

In  order  to  determine  the  intensity  of  gravity  at 
places,  it  might  be  supposed  tliat  we  could  measure  the 
tance  through  which  a  heavy  body  would  fall  the  first  second, 
and  then,  by  the  principles  of  uniformly  accelerated  motion  (21), 
twice  tills  distance  would  be  equal  to  the  value  of  g  at  tlie  given 
place.  On  account  of  the  great  rapidity  with  which  bodies  fidl, 
it  is  impossible  to  measure  this  distance  with  any  accuracy ;  nor 
is  this  necessary,  since  we  have  in  the  pendulum  an  instrument 
by  which  we  can  determine  indirectly  the  value  of  g  with  great 
precision. 

(50.)  Pendulum.  —  A  pendulum  is  a  heavy  body,  suspended 
from  a  fixed  f>oiiit  by  a  rod  or  cord.  If  the  centre  of  gravity  of 
the  body  is  directly  under  the  point  of  support,  the  body  remains 
at  rest ;  but  if  tlie  body  be  drawn  out  of  this  position,  so  that 
the  centre  of  gravity  will  I>e  on  either  side  of  the  vertical  line 
passing  throtiprh  the  point  of  support,  then  the  body,  when  disen- 
gaged, will  fall  towards  the  vertical  line,  and  in  consequence  of 
its  inertia  will  continue  its  motion  beyond  the  vertical  line  until 
it  comes  to  rest.  It  will  then  return  to  the  vertical,  and  thus 
o^tcillate  fnim  side  to  side.  In  order  to  investigate  the  pbo> 
nomona  of  this  kind  of  motion,  the  mathematicians  study  at  first 
an  ideal  i^eiidulum,  which  they  call  a  simple  pendulum^  to  distin- 
guish it  from  the  actual  material  pendulum,  wliich  they  call  a 
compoumi  pendulum, 

(51.)   Simpie  Pendulum.  —  A  simple  pendulum  consists  of  a 
material  iioint  suspended  to  a  fixed  point  by  means  of  a  thread 
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witheni  woBsa  or  ireiglit,  perfeet]^  flexible  and  inextensible. 
Such  a  pendulum  is  of  course  only  a .  mathematical  ahetrac- 
tioQ ;  but  ve  coa  approach  suffidently  near  to  it,  for  purposes 
of  illustration^  I^  suspending  a  email  lead  bullet  to  a  fixed  point 
by  means  of  a  fine  silk  thread. 

Let  O  A,  Fig.  28,  be  such  a  simple  pendulum,  iit  a  vertical  po- 
Btion,  and  therefore  at  rest.  If  ve  now  withdraw  it  to  the  poei- 
tion  O  B,  the  force  of  gravity  act- 
ing on  the  point  B  in  the  direction 
Bg  may  be  decomposed  into  two 
oompouents ;  one,  B  a,  which  will  be 
destroyed  by  the  resistance  of  the 
throadandof  the  fixed  point  O;  the 
other,  B  b,  perpendicular  to  O  B, 
which,  being  unresisted,  will  move 
the  point  B  towards  the  vertical 
O  A.  If  the  lino  B  g  represents 
the  intensity  of  the  force  of  grav- 
ity, then  B  b  represeuta  the  in- 
tensity of  the  second  component. 
Sence,  if  wo  suppose  the  amount 

«f  matter  concentrated  at  £  to  be  equal  to  the  unit  of  mass,  and 
represent  the  angle  BOA  by  a,  we  shall  have,  for  the  value  of 
the  second  component,  g  eiu  a.  This  component  will  evidently 
diminish  in  intensity  ae  the  pendulum  approaches  tlio  vertical, 
and  at  the  vertical  will  become  nothing.  It  appears,  tlierefore, 
tliat  this  force  will  be  continuous,  but  not  constant ;  and  hence, 
that  the  pendulum  will  move  with  an  accelerated,  but  not  with 
a  uniformly  accelerated  motion  (20),  in  the  ^c  of  a  circle  whose 
radius  is  equal  to  O  £. 

Having  reached  the  vertical  O  Ay  the  pendulum,  in  virtue  of  its 
momentum,  will  rise  with  a  retarded  motion  toward  O  B' ;  and 
since  the  action  of  gravitation  in  retarding  the  motion  must  he 
exactly  equal  to  its  previous  action  in  accelerating  it,  it  follows 
from  (27)  that  the  momentum  will  not  be  destroyed  until  the 
pendulum  has  moved  over  an  arc,  A  B\  equal  Ui  A  B.  At  B'  it 
will  be  for  an  instant  at  rest,  and  then  fall  back  again  to  j4,  re- 
mount to  B,  and  tlius  continue  indefinitely,  supposing  there  were 
no  resistance.  In  actual  practice,  however,  witli  a  compound 
pendulum,  the  resistance  of  the  ur,  ^e  rigidity  of  the  thread, 
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and  tlio  friction  at  tho  point  of  support,  rapidlj  dtminuh  tha 
arc  through  wliicli  it  moves,  and  finally  arrest  tlie  moUon  al- 
together. By  diminishing  these  resistances,  the  motion  may  be 
made  to  continue  for  a  proportionally  longer  time  ;  and  a  pendu- 
lum lias  been  known  to  continue  oscillating  in  a  vacuum  for 
several  hours. 

Each  motion  of  the  pendulum  from  B  to  B\  or  from  R  to  B^ 
is  called  one  oscillaiion^  and  tho  angle  B  O  R  is  called  the  amplu 
iude  of  the  oscillation. 

(52.)  hockronism  of  the  Pendulum.  —  It  is  evident  that  the 
length  of  time  required  for  a  single  oscillation  of  tlie  pendulum 
O  Aj  Fig.  28,  must  be  absolutely  the  same,  so  long  as  the  ampli- 
tude of  the  oscillation  remains  constant ;  but  also,  what  is  more 
remarkable,  it  is  true  tliat  the  time  required  for  each  oscillatioii 
of  tho  pendulum  is  but  little  influenced  by  the  amplitude  of  the 
oecillation ;  and,  for  all  practical  purposes,  the  time  of  oocilli^ 
tion  may  be  regarded  as  equal  for  all  amplitudes  not  exceeding 
tliree  or  four  degrees.  This  singular  property  of  the  pendulum 
is  termed  isochronism^  from  two  Greek  words  signifying  equal 
timCj  an<l  tho  oscillations  of  the  pendulum  are  said  to  be  iso- 
chronous. Two  oscillations  of  the  pendulum  are  not,  however, 
absolutolv  isochronous,  unless  the  difierence  between  their  am- 
plitu<les  is  inflnitely  small. 

(r>:5. )  Formula  of  the  Pendulum.  —  If  we  represent  by  T  the 
time  of  oscillation  of  a  pendulum  in  seconds,  by  /  its  length  in 
fractions  of  a  nu»tre,  by  f;-  the  acceleration  prcHluced  by  g^vity 
o.ioh  si.H:oiul,  and  by  tt  tho  ratio  of  the  circumference  of  a  circle 
to  its  diameter,  the  value  of  T  may  bo  found  to  be 


'J? 


[30.] 


when  tho  amplitude  of  the  oscillation  is  infinitely  small.  If  the 
nniplitudo  is  not  infinitely  small,  but  only  very  Mimll,  then  wo 
It  ive 


'^=''J--(i+;.;}        [=>»•] 


when  a  is  the  ratio  of  the  lenplh  of  the  arc  A  B,  Fig.  28,  to  the 
length  of  the  |MMuiuluin.  The  truth  of  these  fonnul®  camiol 
readily  U?  demonstnitiMl  without  the  aid  of  the  higher  mathe* 
inatics,  and  we  must  therefore  refer  the  student  to  works 
.Vnalvtical  Mecluuiics  for  tlie  demonstration. 
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Several  important  truths  are  expressed  in  these  formula :  — 
!•  The  duratum  of  an  oscillation  does  not  depend  on  its  amplU 
tude  when  this  is  infinitely  small^  and  is  but  slightly  influenced 
by  the  amplitude  even  when  it  is  as  large  as  three  or  four  de- 
grees. By  substituting,  in  [30],  /=1,  and  g-  =  9.809,  we 
should  obtain,  for  the  time  of  vibration  of  a  pendulum  one 
metre  long,  at  the  latitude  of  Paris,  T==  1.003085.  By  sub- 
stituting in  [31]  the  same  values,  and  also  a  =  3.1416  -r-  90  = 
0.0349,  we  should  obtain,  for  the  time  of  vibration  when  the  am- 
]ditude  was  four  degrees,  T=  1.003161,  which  differs  from  the 
first  value  by  only  the  0.000076  of  a  second. 

2.  The  duration  of  the  oscillation  is  proportional  to  the  square 
root  of  the  length  of  the  pendulum.     Substituting,  in  equation 

—  ,  which  is   a  constant  quantity  at  any  giveu 

place,  the  equation  becomes  T  =  C  a/T.  For  a  pendulum  of 
another  length,  as  /',  we  have  T'  s=  C  a/Fj  and,  comparing 
the  two,  $   * 

T  :  T'  =  V7  :  a/7  ;  [32.] 

and  also 

l:l'=  T*:  T\  [33.] 

8,  The  duration  of  the  oscillation  of  a  pendulum  of  an  tnt»a- 
riable  length  is  inversely  proportional  to  the  square  root  of  the 
intensity  of  gravity.  Substituting,  in  equation  [30],  C  =  a/ti^I, 
which  is  a  constant  quantity  when  /  is  supposed  invariable,  we 

obtain  T=  C  LI.  For  another  place,  where  the  intensity  of 
gravity  is  ^,  wo  have  T  =  O    [_L  ;  hence, 

(54.)  Compound  Pendulum.  —  We  have  hitherto  6ni)posed 
that  the  pendulum  is  a  heavy  mass,  of  indefinitely  small  magni- 
tude, suspended  by  a  string  or  a  rod,  having  no  weight.  Such 
a  pendulum  is,  as  has  been  stated,  a  pure  abstraction,  and  can 
never  be  realized  in  practice.  The  pendulum  which  must  be 
used  in  all  our  experiments  is  a  compound  pendulum,  consisting 
of  a  heavy  weight,  suspended  to  a  fixed  point  or  axis,  by  means 
of  a  rigid  rod  of  wood  or  metal.     The  particles  of  such  a  pendu- 
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lum  must  necenarily  be  at  dtflbront  distances  from  the  point  of 
suspension,  and  must  therefore  tend  to  osoillate  in  diflerent  times. 
Hence,  the  time  of  oscillation  of  the  whole  pendulum  will  not  be 
Uie  same  as  that  of  a  simple  pendulum  of  the  same  lengthy  and 
the  differetico  becomes  of  much  importance. 

The  theory  of  the  simple  pendulum  maj  bo  extended  to  the 
compound  pendulum,  by  regarding  the  last-  as  consisting  of  as 
many  simple  pendulums  as  it  contains  material  particles.  Were 
these  free  to  move,  they  would  oscillate  in  difibrent  times,  deter- 
mined by  tlieir  distances  from  the  point  of  suqiiension ;  but  they 
form  parts  of  a  rigid  system,  and  they  are  therefore  all  compelled 
to  oscillate  in  the  same  time.  Oousequeutly,  the  oaeillations  of 
the  particles  near  tlie  point  of  suspension  are  retarded  by  the 
slower  oscillations  of  tlioso  below  them  ;  and,  on  the  other  hand, 
the  oscillations  of  the  particles  near  tlie  lower  end  of  the  pendu- 
lum  are  accelerated  by  the  more  rapid  oscillations  of  those  abofe 
tliem.  At  some  point  on  the  axis  of  the  pendulum,  intermediate 
between  these,  there  must  be  a  particle  whc^e  natural  osdUatioii 
is  neither  accelerated  nor  retarded,  and  where  the  sereral  effects 
will  be  all  balanced,  all  the  particles  above  it  having  exactly  the 
same  tendency  to  oscillate  faster  that  the  particles  below  it  have 
to  oscillate  slower.  Thb  pouit  is  called  Uie  cenire  of  oscUlaiiamj 
and  it  is  obvious  that  tlie  time  of  oscillation  of  a  compound  pen* 
dulum  is  exactly  the  same  as  tliat  of  a  simple  pendulum  whose 
length  is  equal  to  tlie  distance  of  the  centre  of  oscillation  from 
tlie  point  of  suspension.  This  distance  is  tlie  virtual  or  aetimg 
lenf^th  of  the  pendulum,  and  equations  [30]  and  [31]  will  apply 
to  c<>m|)ouiid  pen<lulums,  by  sulwtituting  for  /  tlieir  virtual 
iemrth.  Hy  the  length  of  a  pendulum,  no  matter  what  may  be 
its  form,  is  always  to  be  understood  the  virtual  length,  unless 
tlie  reverse  is  expres!»ly  stato<l. 

("m.)  PitsUioH  of  the  Ctmire  of  Oscillation.  —  When  tlie  form 
of  tlio  pendulum  is  given,  the  position  of  the  centre  of  oscillation 
can  bo  calculated  ;  hut  as  the  methods  of  calculation  involve  the 
priiiciph^s  of  the  higher  mathematics,  they  cannot  readily  be  ex- 
plained in  this  connection.  The  centre  of  oscillation  can  also  be 
found  ex|ienmentally,  by  making  um)  of  the  following  remarka- 
ble pn>|)crty  of  Uie  compound  pendulum,  first  demonstrated  by 
HuygluMif). 

If  a  pendulum  be  inverted  and  suspended  by  its  oentre  of 
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we    substitute    for   T 


cillatioii,  its  fonner  point  of  suspension  will  become  its  new  centre 
of  oscillation,  and  the*  time  of  vibration  will  remain  the  same  as 
before.  This  property  is  usually  expressed  by  saying,  that  the 
cenires  of  osciUatian  and  suspension  are  interchangeable. 

This :  property  of  tlie  pendulum  may  be  verified  by 
means  of  a  reversible  pendulum,  Fig.  29.     This  pendu- 
lum is  furnished  with  two  knife-edges,  a  and  6,  which, 
when  the  pendulum  is  in  use,  rest  on  platea  of  steel  or 
igate.     It  a  is  tlio  axis  of  suspension,  and  b  the  axis  of 
oscillation,  determined  by  calculation,  the  pendulum  will 
be  found  to  oscillate  in  the  same  time  on  either  knife- 
edge.     If  the  position  of  tlie  axis  of  oscillation  is  not 
known,  it  can  easily  be  found  by  shifting  the  position  of 
the  lower  knife-edge,  until,  on  trial,  the  pendulum  is 
found  to  oscillate  in  equal  times  on  both.    The  lower 
knife-edge  is  .then  in  the  axis  of  oscillation.    A  pen- 
dulum of  this  kind  was  used  by  Captain  Kater,  in  his 
determination  of  the  length  of  the  seconds  pendulum, 
mentioned  on  page  12. 

When  the  pendulum  consists  of  a  fine  thread  and  a 
lieavy  ball,  the  centre  of  oscillation  very  nearly  coin- 
cides with  the  centre  of  gravity,  and  such  a  pendulum 
can  be  used  for  ascertaining  approximatively  the  virtual 
length  of  a  compound  pendulum.  By  shortening  or 
lengthening  the  thread,  a  length  can  easily  be  foimd 
with  which  the  pendulum  will  oscillate  in  the  same 
time  with  the  compound  pendulum.  This  length  will 
then  be  approximatively  the  virtual  length  sought. 

(56.)    Use  of  the  Pendulum  for  Measuring-  Time.  — 

If  in   the  equation  T=  7t    I-, 

unity,  and  for  n  and  g  the  values  already  given,  we  shall 
find,  for  the  lengtli  of  a  pendulum  vibrating  seconds  at 
Paris,  the  value  /  =  0.993839  m.     The  lengths  of  pen- 
dulums vibrating  in  2, 8,  and  4  seconds  would  be  by  (33) 
4,  9,  and  16  times  this  length.     In  order  to  use  the     '*'  "' 
seconds  pendulum  for  measuring  time,  it  is  only  necessary  to  con- 
nect with  it  a  mechanism  by  which  its  beats  may  be  recorded  and 
its  motion  mr'ntained.    Such  a  mechanism  constitutes  a  common 
dock,  die  ^esi       d  parts  of  which  are  represented  in  Fig.  30. 
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Tlio  toothed  whocl  R,  callod  the  scape-ieheel,  ii  turned  by  a 
weight  or  Rpriug,  ciLlicr  directly,  aa  in  tlia  figure,  or  through  tlie 
intervention  of  other  wheels.  The  revolution  of  the  Rcapo-wbeel 
is  regulated  by  meaos  of  a  peculiar  coittrivanco,  a  b,  called  the 
escapement,  which  osciUates  on  an  axis 
o  o".  Tho  oscillationE  are  communi- 
cated to  tho  escapement  by  the  pen* 
dulum  P,  through  the  forked  arm  o/. 
When  tho  pendulum  hangs  vertically, 
one  of  tho  teeth  of  the  aeapo-vhee), 
cut  oblit^ucly  for  the  purpose,  reets  on 
tlio  upper  side  of  the  hook  b,  and  tlie 
clock  remains  at  rest.  If  now  the 
pendulum  is  set  in  motion,  so  that 
tho  liook  b  is  moved  from  the  whed, 
the  tooth  which  rested  upon  it  is  aet 
free,  and  the  wheel  begins  to  revolve ; 
but  it  is  soon  arrested  by  the  honk  a, 
which  has  moved  up  to  the  wheel  aa 
b  moved  from  it,  and  catches  on  its 
under  surface  the  tooth  immediatdy 
below.  As  the  pendulum  oscillatei 
back  the  hook  a  moves  away,  the 
wheel  again  commences  to  revolve, 
but  is  arrested  a  moment  oflcr  on  the 
opposite  side  by  the  hook  b,  which 
catches  the  looth  nest  to  the  one  it  held  before ;  and  thus  contin- 
uously, M>  thut  each  owillatiou  of  the  pendulum  allows  the  scape- 
wheel  tu  move  furward  tliroufrh  a  t<|>ace  equal  to  one  half  of  one 
of  its  ttx'th.  If,  tlien,  tho  whcL-l  has  thirty  teeth,  it  will  com- 
plete one  ivvolution  in  sixty  itoats  of  the  pendulum,  moving  for- 
ward one  sixtieth  uf  a  rcvulntiun  at  each  beat.  This  wheel  is 
llie  one  on  whose  axis  the  secund-hand  is  placed.  It  is  connected 
liy  ciigs  with  anulher  wheel,  which  is  made  to  occupy  sixty  times 
an  long  in  revolving,  and  this  carries  llie  minute-hand ;  and  tliis  is 
connected  with  anollier  wheel,  which  revolves  in  twelve  times  the 
pcritMl,  and  currios  the  lionr-hand.  Thus  the  becoiid-hand  regis- 
ters the  iH-atN  of  the  jieiidulum  up  to  fixly,  or  one  minuto  ;  the 
minulMiaiid  n-tristcrs  the  number  of  revolutions  of  the  aecond- 
haiid  up  to  sixty,  or  ouo  liour ;  and  the  hour>haod  registers  Uw 
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number  of  revolutions  of  the  minute-hand  up  to  twelve^  or  half 
a  day. 

It  the  pendulum  and  escapement  were  removed  from  a  clock, 
there  would  be  nothing  to  prevent  the  train  of  wheels  from  being 
turned  round  with  great  rapidity  by  the  weight  or  spring  acting 
on  it,  and  the  clock  would  speedily  run  dawn.     On  the  other 
hand,  were  there  not  some  means  of  communicating,  to  the  pen- 
dulum occasional  impulses,  it  would  soon  be  brought  to  rest  by 
the  resistance  of  the  air  and  the  resistance  due  to  the  mode  of 
suspension.     To  prevent  this,  the  escapement  is  so  constructed  as 
to  give  a  very  slight  additional  impulse  to  the  pendulum  at  each 
oscillation.     The  ends  of  the  two  books,  a,  b,  are  cut  so  as  to  pre- 
sent to  the  teetli  of  the  scape-wheel  incUiied  sorfacet.     As  the 
tooth  of  the  wheel  leaves  one  of  these  books,  its  extremity 
elides  over  this  inclined  plane  with  a  eoDsideraUe  force,  eommu- 
nicated  by  the  weight,  so  as  to  throw  the  eacapemeni  forward 
^th  a  slight  impulse  the  moment  the  tooth  is  set  free.    Tlds  im- 
pulse is  communicated,  through  the  axis  o  &  aiftd  the  arm  o/^io 
the  pendulum.     K  the  weight  is  inereaaed,  die  for»  with  viiieh 
the  impulse  is  given  will  be  greater ;  and  tke  p^^^lm^  nt^r- 
ing  a  greater  impulse  at  each  oscillatioii,  wiD  fwi&ir  dtmwfji  a 
greater  arc.     As  this  will  slightly  increase  tb&  tiiw:  of  eaefc  fj^U 
lation  (53),  the  addition  of  weight  will  make  d^  d<r>tk  ro  ♦J^/w^r. 
The  change  of  rate  in  a  clock  caused  by  the  ^rptxj^/u  ziA  cfx^ 
traction  of  the  pendulum,  will  be  considered  in  ti*t  •ia^tja  'x. 
Heat. 

(57.)  Use  of  Pendulum  for  Measuring  tke  Porf^  ^  Or^^ 
xty,  —  By  transposing,  wo  obtain  from  equation  [Vi]  taU  ^i^\^. 
ofg-:  ^^ 

from  which,  when  we  know  the  length  of  a 
dilates  in  a  given  time,  T,  we  can  easily 
for  the  place  of  experiment.     If,  in  the  Ian 
r=  1,  then  /  denotes  the  length  of  the 
we  obtain  for  the  value  of  ^, 

In  order,  then,  to  measure  the  intensity  of 
have  only  to  oscillate  a  pendulum  whoit 
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and  obsenre  the  time  of  a  ein^e  otciUatiou.  This  obier?Etioa 
18  readily  made  bjr  counting  a  large  number  of  oscillations,  and 
observing  Uie  time  occupied  bj  Uie  whole  number.  This  time, 
divided  bj  tlie  number  of  oscillations,  gives  the  duration  of  a 
single  oscillation  with  great  accuracy,  because  an/  error  we  maj 
Imvo  made  in  observing  the  time  is  thus  greatlj  divided. 

Bj  this  method  Borda  and  Cassini,  in  1790,  measured  with 
great  accuracy  the  intensity  of  gravity  at  tlio  Observatory  of 
Paris.  The  pendulum  which  tliey  used  consistod  of  a  sphere  of 
platinum,  suspended  to  a  knife-edge  by  means  of  a  fine  platinum 
wire.  The  knife-edge  rested  on  an  agate  plate,  and  the  whole 
pendulum  was  about  four  metres  long.  Instead  of  counting  di» 
rectly  the  number  of  oscillations,  Borda  compared  the  motion  of 
his  pendulum  with  tliat  of  a  clock  placed  behind  it.  On  the  ball 
of  the  clock*8  pendulum  a  vertical  mark  indicatod  the  position  of  its 
axis,  and  a  small  telescope,  placed  a  few  metres  in  front,  enabled 
him  to  observe  when  the  wire  of  his  pendulum  exactly  coincided 
witli  tlie  vertical  mark.  Starting  from  a  moment  when  the  two 
coincided,  ke  observed  the  number  of  seconds  before  such  coin- 
cidence occurred  again ;  and  knowing  this,  he  was  able  at  onoe  to 
calculate  the  number  of  oscillations  of  the  pendulum  which  oc- 
curred duruig  an  obeerved  number  of  seconds  by  tlie  clock.  Let 
V  be  tlie  number  of  oscillations  of  the  seconds  pendulum  between 
the  coincidences,  tlien  v  :h  2  will  be  the  number  of  oscillations 
of  the  experimental  pendulum  in  the  same  inten'al,  that  is,  in 

r  4-  2 

r  seconds,  and    -      —  will  bo  the  number  in  one  second.    Hence, 

V 

if  p  is  the  number  of  oscillations  of  the  pendulum,  and  t  the 
number  of  seconds  observed  by  the  clock,  we  shall  have 

an  equation  by  which  we  can  calculate  the  number  of  oscillations 
in  a  given  time,  witliout  being  obliged  to  count  tliem.  In  these 
experiments,  tlie  pendulums  were  enclosed  in  glass  cases  to  pro- 
tect them  from  currents  of  air,  and  separated  from  each  other 
by  ^luMi,  so  tliat  they  should  not  react  on  each  other  through 
this  fluid. 

Ail  the  amplitude  of  the  oscillations  is  not  infinitely  small,  but 
only  very  small,  in  such  experiments,  it  is  important  to  correct 
the  number  uf  osciUationt  observed  as  abovot  and  substitute  for 
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it  in  tlie  Galculation  the  number  which  would  have  occurred  had 
the  amplitude  been  really  infinitely  small.  If  we  call  the  duration 
of  an  oscillation  which  is  infinitely  small  T,  and  that  of  one  which  is 

only  very  small  T',  we  have  from  [30]  and  [31]  ^'=^(l  +  tIY 

where  a  is  equal  to  one  half  the  arc  which  measures  the  am- 
plitude. Now,  as  the  uimil^r  of  oscillations  in  a  given  time  is 
inversely  as  their  duration,  we  have  T' :  T=n:n';  and  hence. 


n  =  n'  ( 


l+?6>  [38-] 


where  n  is  the  required  number  of  oscullations,  and  n'  the  ob- 
served number.-  The  amplitude  is  measured  by  means  of  a  hori- 
zontal scale  placed  behind  the  pendulum,  and,  as  it  sensibly 
diminishes  during  the  experiment,  we  take  for  the  value  of  a 
in  [88]  the  mean  amplitude  during  the  time  of  observation. 

The  value  of  g  found  by  the  above  formula  is  a  little  too 
small,  owing  to  the  fact  that  the  force  of  gravity  acting  on  the 
mass  of  the  pendulum  is  balanced  to  a  slight  degree  by  the  buoy- 
ancy of  tlie  air,  and  it  is  necessary  to  correct  the  result  for  this 
cause  of  error.  The  principles  from  which  this  correction  may 
be  calculated  will  bo  explained  in  Chapter  III.  It  will  there  be 
shown  that  a  body  is  buoyed  up  in  a  fluid  by  a  weight  equal  to 
the  weight  of  fluid  which  it  displaces.  Hence,  if  W  represents 
the  weight  of  a  body  in  a  vacuum,  and  w  the  weight  of  air  it 
displaces  at  a  given  temperature  and  under  a  given  pressure, 
then  W —  W7  is  the  weight  of  the  body  in  the  air  at  this  temper- 
ature  and  pressure.      If  we   put  J  =  -gp ,  the  small    fraction 

which  represents  the  ratio  of  tlie  weight  of  the  air  to  the  weight 
of  the  body,  we  shall  easily  obtain 

w—w  =  w—d  w=  pr(i  — *). 

Representing  the  weight  of  the  body  in  air  ( PT  —  m?)  by 
W\  we  obtain,  for  the  relation  between  the  weight  of  a  body 
m  air  and  in  a  vacuum,  the  equation  TT' =  W  (1  —  J).  It 
will  be  shown,  in  one  of  the  following  sections,  that  the  weights 
of  the  same  body  under  different  circumstances  are  proportional 

to  Uie  intensities  of  gravity,  and  hence  that  =-  =  ^  ;   substi- 

tuting  this,  we  have,  for  the  rdation  between  the  actual  intensity 
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of  gravity,  g^  and  the  apparent  intcusity  when  the  experiments 
are  made  in  air,  g'j 

It  appears,  however,  from  the  experiments  of  Bessel,  which  were 

confuted  by  the  calculations  of  Poisson,  tliat  the  loss  of  weight 

which  the  pendulum  sufiers  in  air  is  much  greater  when  it  is  in 

motion  than  when  at  rest,  so  that  a  still  further  correction  must 

be  made  to  eliminate  this  source  of  error ;  but  for  the  details  of 

this  and  of  the  other  corrections  which  are  required,  we  must 

refer  the  student  to  Bessers  original  Memoirs. 

(58.)   Vaiue  of  g.  —  By  the  method  described  in  the  last  sec^ 

tion,  Borda  and  Cassini  found  for  the  intensity  of  gravity  at  the 

Observatory  of  Paris  the  number  g  s=  9.8088.    This  value  has 

since  been  redetermined  by  Biot,  Arago,  Mathieu,  and  Bouvard, 

who  used  the  same  process,  except  that  they  employed  a  sliortcr 

pendulum,  and  obtained  almost  absolutely   the  same  results. 

Bessel,  by  correcting  for  the  loss  of  weight  in  the  air  due  to  the 

motion  of  the  pendulum,  found  for  the  value  of  the  intensity  of 

gravity  at  Paris, 

g  =  9.8096, 

which  is  probably  the  most  accurate. 

The  value  of  g  has  also  been  determined  at  different  points  on 
the  earth's  surface,  with  more  or  less  accuracy,  by  different  ob- 
senders.  Some  of  these  results  are  collected  in  the  following 
table,  which  has  been  taken  from  Daguin's  Traits  de  Physique. 
The  lengtli  of  the  seconds  {lenduluni  is  easily  calculated  from  the 
values  of  g  by  means  of  et^uation  [3G]. 


Urthi4—  Yslw  of  g. 


8piukrr|«m, 

8corkholm, 

Ki>fiiie«beiY, 

lie  de  Fmocr, 
Cape  of  (food  Hope, 
(*«pe  Hum. 
New  HbrdAod. 


79  49  5«V. 

9.MI41 

0.99613 

59  SO  S4     , 

9.M1<)|6 

0.99491 

54  41  11 

9^1441 

0.99441 

49  50  14     j 

9S(>979 

0  99394 

0     1   S4S. 

9  7S1U6 

.     0  99113 

10     9  13 

9  7S9I7 

.     0.991S5 

33  55  15 

9.796<>« 

0.99164 

55  51  10 

9.^1650 

0  99461 

61  5«  11 

9.81153 

0.995i3 

fUhiiie. 

8r«aberf. 

BcMeL 

BkM.  etr. 

Frrjrcioet. 

DBpemry. 

Firrrioci. 

FffMrr. 

Fo*ter. 


It  api»eani  from  this  table,  that  the  intensity  of  the  force  of 
gravity  gradually  increases  witli  the  latitude  as  wo  go  from  the 
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eqnator  tovards  either  pole.  In  general,  the  value  of  g  for  aaj 
latitude  can  be  determined  Eufiiciently  near  for  all  purposes  of 
Physics,  by  means  of  the  formula, 

g  =  9.80604  (1  —  0.0025935 .  co82A),  [40.] 

in  vbich  ^  is  tlie  latitude  of  the  place,  and  9.80604  the  value 
of  g  at  the  latitude  of  45°.  By  substituting  for  A,  0°  or  90°, 
Te  obtain  at  the  equator  g  =  9.780642,  and  at  the  poles  g  = 
9.83146.  It  does  not  appear,  however,  that  the  intensity  of 
gravity  is  rigorously  the  same  at  all  points  on  tlie  same  parallel  of 
latitude,  or  at  corresponding  points  in  the  northern  and  soutliem 
hemispheres.  Irregularities  in  this  respect  were  noticed  in  tlie 
measurement  of  tlie  arc  of  the  meridian  in  France,  and  also  by 

Lacaille  at  the  Cape  of  Good  Hope. 

These  variations  in  the  intensity  of  gravity  on  the  earth's  sur- 

Eoce  depend  mainly  on  tvo  causes  ;  first,  on  the  centrifugal 

force  due  to  the  earth's  revolution  on  its  axis,  vhich  is  at  its 

maximum  on  the  equator,  and  gradually  diminisltes  towards  the 

poles,  where  it  disappears ;  secondly,  on  the  spheroidal  character 

of  the  earth,  in  consequence  of  which  a  body  at  the  polos  is  more 

strongly  attracted  by  the  mass  of  the  earth  than  it  is  at  the 

equator.     We  will  consider  the  effect  of  each  of  these  causes 

in  turn. 
(59.)    Centrifugal  and  Centripetal  Force.  —  It  has  already 

been  stated  (25),  tliat  a  curvilinear  motion  is  the  resultant  of  two 

motions  which  obey  different 

laws.     Thus,  ill  Fig.  31,  the 

parabolic  motion  of  a  ball  shot 

liorizontally  from  a  fort  is  the 

resultant  of  a  uniform  motion 

in  the  direction  of  a  m,  and  of 

a  uniformly  accelerated  motion 

in  the  direction  of  a  n.     We 

also  know  that  this  motion  is 

the  result  of  two  forces,  one 

which  has  acted,  and  the  other 

which   is   still  acting,  on  the 

ball  ;  iirst,  the  projectile  force 

of  gunpowder,  which  has  given  "•' 

to  the  ball  a  certain  momentum,  Jtf  b,  in  virtue  of  which  it  will 
7* 
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ooDtinne  to  moTe  vntil  ita  motion  ia  arrortod  bjr  an  eqnj 
force  acting  for  an  equivalent  time  in  the  opposite  din 
Mcoud,  Uie  force  of  graritr,  a  cooBtant  foroe  both  ia  dii 
and  iulcnsity.    Compare  (27)  and  (2d). 

Let  us  now  consider  the  conditions  of  Fig.  81  to  be 

changed,  that  the  eoiulant  force  no  longer  acta  in  directjcn 

allel  to  itself,  but  io  directions  which  all  converge  to  one 

Such  a  force  ma;  be  regar 

an   attractive   force  cma 

from  this  pmnt,  and  is 

fore    frequently   called   i 

tral force.    Let  us  llien  si 

that  in  Fig.  82  we  have, 

foro,  a  ball  moving  with 

tain  momentum  in  ^e  dir 

a  m,  communicated  to  it 

nally  hj  a  force  acting 

given  time  with  a  given  ii 

fi,  n.  ty,  but  which  has  ceased  i 

Let  us  also  suppose  th 

nme  ball  is  attracted  towards  a  given  point,  C,  by  a  forci 

stant  in  intensity.    What  will  be  the  resulting  molinn  of  the 

Let  0  be  tlio  velocity  in  the  direction  a  m,  and  s  Itc  the  aci 

tion  of  the  given  force.     In  a  small  fraction  of  a  second, 

ve  may  take  as  small  as  we  please,  the  bait  will  move  in  t 

rection  a  m  over  a  space  « /3,  equal  to  -,  where  n  is  the  m 
of  inlerraU  into  wliicli  the  unit  of  time  has  been  divided, 
same  timo  it  wilt  nave  is  th»  direction  <t  Cover  a  space  a  b, 
to  i  -"f  ['*3-.  The  ramihant  of  tbceo  motions,  on  the  pri 
of  (25),  win  ba  a  eumd  lint  pawing  tlimugti  the  point  P, 
can  be  foond  by  coaiplvting  the  panUh'logmm  a  ^  Pb.  A 
at  the  point  P,  the  dircotion  of  its  original  nxitiou  has 
clianged,  that,  if  the  ooatnl  attroolion  ceased  to  act  at  tlis 
ment^  the  original  nomoBtam  w<nild  cause  it  to  move  i 
direetion  P  »,  taagttit  to  the  eorve  at  the  {loiiit  P,  which,  a 
ing  to  the  principle  of  geometrr,  may  be  rpjrardcd  as  tti«  c 
nation  of  ibe  direction  in  which  it  was  moving  at  tire  in 
Tlie  eentral  foreo,  howorer,  does  not  ceaae  to  act,  and  darii 
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next  small  interval  of  time  the  same  thing  is  repeated.    In  virtue 
of  the  momentum,  the  ball  will  pass  over  the  distance  Py^  equal 

to  — ,  and  in  virtue  of  the  central  force  will  move  towards  the 

centre  by  an   amount,  Pc,  equal  to  ^  -y.      The  resultant  of 

these  melons  will  be  a  second  curved  line,  similar  to  the  first, 
and  a  continuation  of  it,  passing  through  Q.  The  same  thing 
will  be  again  repeated  every  succeeding  interval  of  time,  and 
thus  the  motion  resulting  from  the  two  forces  will  be  a  curved 
line  bending  towards  the  central  point  C,  the  central  force  con- 
stantly changing  the  direction  of  the  original  momentum.  It  is 
easy  to  see,  that,  with  a  certain  relation  between  the  momentum 
and  the  intensity  of  the  central  force,  tlie  distance  of  the  ball 
from  the  centre  would  keep  always  the  same,  and  the  path  of  the 
ball  would  be  a  circle.  If  the  central  force  were  greater  rela- 
tively to  the  momentum  than  this,  then  the  ball  would  be  drawn 
each  second  nearer  to  the  centre,  and  the  radius  of  the  curvilinear 
path  would  as  regularly  shorten ;  if  the  central  force  were  relative- 
ly less,  the  ball  would  evidently  recede  from  the  centre,  and  the 
radius  of  its  path  would  lengthen.  If,  however^  we  suppose  that 
the  central  force  diminishes  as  the  body  recedes  from  the  centre, 
and  increases  as  it  approaches  it,  so  that  the  intensity  is  always 
inversely  as  the  ^uare  of  the  distance,  then  it  can  easily  be 
proved  mathematically  that  the  path  of  the  ball  i|ill  return  into 
itself,  and  will  be  an  ellipse.  We  shall  have  only  to  deal  with  that 
particular  case  where  the  path  is  a  circle.  In  this  case,  the 
ball  remaining  constantly  at  the  same  distance  from  the  centre, 
the  whole  central  force  is  expended  in  changing  the  direction  of 
the  original  motion,  and  is  evidently  just  balanced  every  instant 
by  the  inertia  of  the  mass  of  the  ball. 

The  force  which  arises  from  the  inertia  of  the  ball  is  called 
the  centrifugal  force^  while  the  central  force  by  which  it  is  re- 
strained and  kept  on  the  circumference  is  called  the  centripetal 
force.  The  term  centrifugal  force  is  very  liable  to  be  misunder- 
stood. It  is  frequently  supposed  to  imply  a  force  which,  acting 
alone,  would  cause  the  ball  to  fly  directly  from  the  centre ;  but 
we  must  bear  in  mind  that  the  centrifugal  force  cannot  act  alane^ 
since  it  has  no  independent  existence.  When  the  centripetal 
force  ceases  to  act,  tlien  the  centrifugal  force  ceases  to  exist,  and 
the  momentum  of  the  moving  body  tends  to  carry  it  forward  in 


.4 


80  CHEMICAL  PHYSICS. 

the  straight  lino  tangent  to  the  circle  at  the  point  at  which 
the  centripetal  force  ceases  to  draw  it  from  the  circumference. 
The  bodj  will,  it  b  true,  tlien  recede  from  the  centre ;  but  it 
will  only  do  so  by  passing  along  the  tangent,  the  distance  of 
which  from  the  centre  is  continually  increasing,  and  not  by 
flying  in  a  direction  opposite  to  the  centre  of  attraction.  Its 
action,  however,  will  be  to  cause  the  particles  of  a  body  in  rapid 
revohition  to  take  their  places  at  tlie  greatest  possible  distance 
from  the  centre. 

Tlie  measure  of  the  centrifugal  force  in  Fig.  82  is  obriously 
the  amount  of  restraint  required  to  keep  the  Itall  on  the  circum- 
ference of  the  circle,  and  it  is  measured  by  the  intensity  of  the 
centripetal  force,  which,  on  our  supposition,  just  balances  it. 
Calling,  then,  the  centrifugal  force  C,  the  acceleration  of  the  cen- 
tripetal force  p,  and  the  mass  of  tlie  ball  JIT,  we  have,  by  [14], 

€  =  Mv.  [41.] 

Since,  however,  we  only  know,  as  a  general  nile,  the  velocity  of 
the  motion  of  a  ball  on  the  circle  and  the  radius  of  the  circle,  it 
is  important  to  obtain,  if  possible,  an  expression  of  the  intensity 
of  the  centrifugal  force  in  terms  of  these  two  quantities.  This 
can  easily  be  obtained  by  the  principles  of  geometry. 

Let  a  P,  Fig.  «32,  be  the  arc  described  by  the  ball  in  an  interval 
of  time  so  sm^l  that  the  arc  may  \)c  considered  as  equal  to  the 

chord.     Call  this  interval  —  of  a  second,  where  n  may  l>e  as  large 

as  you  please.     Reproj^ent  by  V  the  velocity  of  the  ball  on  the 

circumference ;  then  —  is  equal  to  the  length  of  the  arc  a  P. 

RcprojuMit  next,  by  o,  the  unknown  acceleration  of  the  cen- 
tri|>etal  force  ;  then    the  distance  a  fr,   through  which   the  ball 

would  move  un<ler  the  influence  of  this  force  alone  in  —  of  a 

second, will l>o,  by  [ ')],  J  -  j .     We  have, by  geometry,  ab  i  aP ^ 

a  P :  a  D;  tnnxi  this  pro|K>rtion,  by  substituting  the  above  ral- 

ues,  we  obuiin    i-*:       =-~:2/Z,     or    os=-„;    and  substi- 

tuting  this  value  of  o  in  [41],  we  obtain,  for  the  intensity  of 
tlie  centrifugal  force, 

b* 

€  =  Jf  ^.  [42.] 
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We  can  giye  this  oxpression  another  form,  which  is  more  con- 
venient for  use.  The  expression  t),  which  represents  the  velocity 
of  the  ball,  denotes  tlie  number  of  metres  which  it  passes  over  in 
one  second.  If,  then,  we  represent  by  T  the  number  of  seconds 
occupied  by  the  ball  in  going  once  round  the  circle  (its  period  of 
reTolution),  and  by  2  i2  tt,  as  usual,  the  circiunference  of  the 

circle,  we  sliall  have  V  =  ^  .  Substituting  this  value  in 
f42],  we  obtain 

«  =  Jlfi^,  [43.] 

which  is  an  expression  for  the  intensity  of  the  centrifugal  force 
in  terms  of  the  time  of  revolution,  the  radius  of  the  circle  de- 
scribed, and  tlie  mass  of  the  body. 

If  a  weight  is  whirled  round  at  the  end  of  a  string,  tlie  action 
of  the  centrifugal  force  is  shown  in  the  tension  of  the  string,  and 
the  only  difference  between  this  and  the  previous  example  is,  that 
the  resistance  of  the  string  takes  the  place  of  the  attractive  force. 
If  the  string  breaks,  the  weight  flies  off  on  a  line  which  is  a  tangent 
to  the  circle  which  the  weight  had  described.     In  Uke  manner, 
the  particles  of  water  on  the  rim  of  a  revolving  grindstone  tend 
to  fly  off  from  the  surface,  but  are  kept  in  place  by  the  adhesive 
attraction  of  the  stone ;  when,  however,  the  revolution  becomes 
rapid,  the  centrifugal   force   overcomes  the   adhesion,  and  the 
water  is  thrown  off  in  lines  wliich  are  tangent  to  the  cylindrical 
surface.     Not  unfrcquently,  when  the  revolution  is  very  rapid, 
the  centrifugal  force  overcomes  the  cohesion  between  the  parti- 
cles of  the  stone  itself,  and  serious  accidents  have  resulted  from 
this  cause.  * 

Since  the  earth  is  revolving  rapidly  on  its  axis,  we  should  ex- 
pect to  find,  especially  at  the  equator,  a  manifestation  of  tliis 
same  force ;  and  in  fact  we  do.  All  bodies  on  the  globe  not  sit- 
uated exactly  at  the  poles  tend  to  fly  off  from  its  surface  on  lines 
tangent  to  the  parallels  of  latitude  on  which  they  revolve,  and 
are  only  prevented  by  the  force  of  gravity.  Were  the  rapidity  of 
tlie  earth's  revolution  more  than  seventeen  times  increased,  the 
force  of  gravity  would  not  be  suflicient  to  restrain  bodies  on 
the  equator  from  obeying  this  tendency.  As  it  is,  however,  the 
centrifugal  force  only  acts  to  diminish  the  intensity  of  the  force 
of  gravity ;  and  this  action,  which  is  greatest  at  the  equator, 
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gradtially  diminishes  as  vo  go  towards  ttie  poles,  wbero  it  is 
uothiiig. 

Wc  cat!  cosily  find  tho  intensity  of  tlie  centrifugal  force  at  the 
equator,  by  Hubstituting  in  [433,  ^^^  ^'  ^'°  value  of  the  equato- 
rial rudiuH,  (),HTT,3'J8  metres,  aiid  for  T  the  number  of  seconds 
in  a  day,  8<t,400.  Tho  value  of  Uio  centrifugal  furoe  theu  U>- 
coiuCK,  for  the  mass  3/, 

€  =  J»f  X  0.08373, 
and  for  tho  units  of  mass, 

t  =  0.03373  iunih  offi,rcey.  [44.] 

Tho  apparent  ralno  of  ^  at  the  equator  is  less  Uian  its  troe 
value  by  exactly  tbc  amount  of  this  force.  Hence  the  full  value 
of  the  earth's  attraction  at  tho  equator  is 

9.78062  +  0.03373  =  0.81435. 

For  any  other  latitude,  the  value  of  the  centrifugal  force  is 
easily  found  by  assuming  that  the  earth  is  a  iierfect  sphere.  In 
Fig.  33,  let  m  be  the  position  of  tlie  body 
on  the  globe  ;  then  m  O  B  ^  Am  O^ 
a  mf  is  tho  latitude  of  tho  place,  vhich 
wc  will  indicate  by  X ;  also  Ant^si  R  ccm  X 
is  tho  radius  of  tho  parallel  of  latitude  on 
which  the  Uxly  m  is  revolving.  The  value 
of  the  centrifugal  force,  in  terms  of  tho  lat* 
itude,  will  be  found  by  Kultvtituting  this 
last  value  for  R  in  [4.3].  Making  this  sub- 
stitution, and  ufiintrfor  R  the  mean  radius  of  the  gloira,  wo  obtain, 
fiirtheviflucof  the  centrifugal  fi*rt;e,m/=0.033ti7  cos  Jl.  This, 
liuwi-v<-r,  ix  the  value  of  tho  ccntrifupil  fiin-c  acting  in  tlie  direc- 
tion mf.  Tliu  force  uf  gravity  acts  in  the  direction  m  O.  and  in 
unlfr  to  asctrrtuin  tu  what  extent  the  force  of  gravity  is  influenced 
by  tin-  i-i'ntririi^;il  rmti-.  wc  nni-t  dcvomiwc  the  Wt  into  two  com- 
[■oni-nt-.  I^-l  m/n-priH-iit  lliointt'ii>ity  of  the  C«'ntrifugal  ffircc, 
llii'u  m  (I  mill  III  h  u  ill  r<']>n>M'nt  the  iiit<'n>ilies  of  two  comjionciits ; 
the  fin-t  of  » iiii-h.  Uiii^ o|t(io>ite  in  dini-lion.  will  U'ud  to neulral- 
ize  lU<>  fon-e  of  pnixity,  wliili-  the  M-nuid,  Ix-ing  jierpCMdiculur  in 
dint'iiiiii.  will  pHMiiK-e  no  i-fTitt  on  it.  The  value  of  the  «mip»- 
ncnt  mn  \^  tn  a  r=.  m  f  cot  X :  and  substituting  for  mf  its  value 
as  above,  uitil  n-]irt.-i«nting  always  by  c  that  compoueut  of  tlie 
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centrifugal  force  which  is  opposite  in  direction  to  gravity,  we 
have 

t  =  0.08867  COS*  A.  [45.] 

We  can  easily  find  how  rapid  the  rotation  of  the  globe  must 
be,  in  order  that  the  centrifugal  force  at  the  equator  should  just 
balance  the  attractive  force  of  gravity.  For  this  purpose  we 
have  only  to  substitute  for  €,  in  [43],  the  value  of  the  attractive 
force  just  found,  and  calculate  the  corresponding  value  of  T,  which 
will  be  found  to  be  5,065  seconds.  Hence,  if  the  earth  revolved 
once  in  5,065  seconds,  or  in  l**-  24'"-  25* , —  that  is,  a  little  more 
than  seventeen  times  faster  than  it  does,  —  the  force  of  gravity 
at  the  equator  would  be  just  balanced  by  the  centriiiigal  force. 

(60.)  The  Spheroidal  Figure  of  the  Earth.  —  The  second 
cause,  mentioned  in  (58),  of  the  variation  of  gravity  with  the 
latitude,  is  the  spheroidal  figure  of  the  earth,  in  consequence 
of  which  a  body  at  the  poles  is  more  strongly  attracted  by  gravity 
than  at  the  equator.  The  form  of  the  earth,  as  has  been  before 
intimated,  is  not  a  perfect  sphere.  It  is  flattened  at  the  poles, 
and  its  figure  is  best  described  as  an  oblate  ellipsoid  or  spheroid. 
A  section  of  the  earth  through  a  meridian  circle  is  therefore  not 
a  circle,  but  i  n  ellipse  of  very  small  eccentricity,  and  the  figure 
of  the  earth  may  be  conceived  as  generated  by  the  revolution  of 
such  an  ellipse  round  its  shorter  diameter  as  an  axis.  The  flat- 
tening at  the  poles  amounts  in  round  numbers  to  about  -^^jj  of 
the  equatorial  radius  ;  in  other  words,  the  polar  radius  is  about 
<shjs  shorter  than  the  equatorial.  This  deviation  from  a  true 
sphere  is  so  small,  that  it  could  not  be  detected  by  the  eye  in 
a  common  globe,  but  in  the  earth  it  nevertheless  amounts  to 
over  thirteen  English  miles.  The  dimensions  of  the  earth  are 
accurately  as  follows :  *  — 

Volume  of  the  earth,      1,082,842,000,000.000  cubic  kilometres. 
Surface  of  the  earth,  509,961,000.000  square       " 
Length  of  a  quadrant,  10,000.857  kilometres. 
Equatorial  radius,  6,377.898         " 
Mean  radius  (lat.  45^),  6,366.738 
Polar  radius,  6,356.079 
Difference  between  the  equa- 
torial and  polar  radius,  21.319         " 

*  ThcM!  data  are  all  taken  from  the  table  of  constants  in  Kohler't  "  L      rithmisch' 
Trigonometrisches  Handbnch." 
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Wcro  (Iio  earth  pcrfcclly  F)>licncn1,  a  plumb-line  at  any  poiut 
oil  its  Eurrui-o  wuiiM  jMiiiit  cxuctly  to  its  cuiitrc,  mid  Uic  centre  uf 
(iguro  would  tia-ii  he  aiso  the  centre  of  attmction.  The  eartli 
l)ciiig  Fplicruidal,  tlio  plieiioincna  of  gruvity  u|iori  its  surfuve  Ih;- 
come  less  Kim[ile.  Tliti  [ihimU-line  does  not  |M>iiit  exactly  to  tlic 
centre  of  the  earth,  excL-|it  at  tlio  equator  or  at  the  [loles,  and, 
moreover,  there  is  no  fixed  eontro  of  gravity.  In  Fig.  34,  tlie 
lino  A  P  is  8up|iOBcd  to  rcprewnt 
a  (iuadr;int  of  a  meridian,  of  which 
O  /'  is  the  polar,  and  OA  the  ci|ua- 
tonal  radius.  Starting  from  the 
equator,  let  us  take  stations  only 
one  degree  distant  from  each  oilier 
on  this  meridian,  and  at  each  fta- 
tion  continue  the  direction  of  the 
pluml>-lino  until  it  intersects  the 
pluiiil>-line  similarly  produced  at 
the  prcvitms  station.  If,  in  tlio  fif;- 
uro  B,  C,  and  D  are  three  such 
points,  then  a,  b,  and  c  arc  the  three  jKiints  of  inlcmoction,  and 
it  is  easy  to  see,  from  the  fi^ruro,  tliut  the  ninety  )>oints  of  inter- 
section, which  would  lie  ol'taiiiod  tiy  producing  the  plumlt-lincs 
from  ull  the  ninoly  statioiiii,  vuuld  funu  when  unitetl  a  cur%'<.>d 
lino,  (I  A  r /).  Ity  niiiking  the  number  of  Matiuns  infinite',  we 
should  uf  cour>(*  liitve  an  infniito  nunihor  of  |M)ints  tS  int('r!M.H>- 
tion  ;  nnd  for  every  {Hiint  on  the  qiiadrniit  A  /*,  ihi-n-  would  lie 
a  c<>rr>->iHi]|iliii;r  ]>i)iiit  on  the  curve  a  p.  The  [xiints  a,  b,  c,  cii*. 
ar-'  I'-riiu'il  in  p'<imrtry  crnlrrs  of  currature  ;  the  lines  A  d, 
Bb,  C  Cy  etc.  ur^  callrd  rtulii  of  rurviUnre ;  an<l  tlie  eur^'C  d  p 
is  called  the  rv.hit,- ttX  x\w  cun-o  ,4  /'.  Now  it  can  he  easily  xccn 
that  what  wc  cull  the  centre  of  attraction  of  the  enrtli  for  any 
jHiiiil  (in  liu-  <jiiiidr;iiit  .4  P  \*  the  corresponding  centre  of  curva- 
lurr  on  the  i-vuluti-  <i  /i.  At  A.  for  example,  the  attrai-tion  of 
th"  i-nrth  nets  as  if  it  origiiintfd  at  the  (mint  ii ;  at  B,  as  if  it 
oritrinnlod  ut  the  [Hiint  h.  I'tc.  The  intfusity  of  the  force  which 
n-^idri  at  thi-w  diffen-nt  rentr-'s  i*  not.  however,  the  mnie  ;  the 
inlenoity  at  a.  for  exiunph-.  is  h-^s  than  at  h,  at  h  lers  than  at  r, 
etc.  It  gnulually  increai^H  at  the  difTcrent  {loints  on  the  evoluw 
from  1  til  p. 
AVhat  is  true  of  tlie  quudrant  A  J'  must  be  tnio  of  every 
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quadrant;  hence,  if  the  evolute  a;?  is  revolved  on  its  axis,  O py 
the  surface  generated  would  be  the  locus  of  all  tlie  centres  of 
attraction  for  points  on  the  upper  hemisphere  of  the  globe;  and  if 
the  evolute  a  p'  is  revolved,  tlie  surface  generated  would  be  tlie 
locus  of  all  the  centres  of  attraction  for  points  on  the  lower  hemi- 
sphere of  tlie  globe. 

It  is  evident,  from  the  above,  that  a  body  placed  at  the  equa- 
tor, and  a  similar  one  placed  at  the  polo  of  the  globe,  stand  in 
different  relations  to  its  mass  as  a  whole,  and  we  should  natu- 
rally expect  that  they  would  be  attracted  with  different  degrees 
of  force.  Newton,  Maclaurin,  Clairaut,  and  many  other  eminent 
geometers,  have  calculated  how  great  the  variation  of  gravity, 
owing  to  the  elliptic  form  of  the  earth  alone,  ought  to  be,  in  going 
from  the  equator  to  the  pole,  and  the  results  of  their  calcula- 
tions coincide  almott  precisely  with  those  of  observation  given 
above. 

It  has  also  been  proved  by  the  same  mathematicians,  that  the 
actual  form  of  the  earth  is  almost  precisely  that  which  would  re- 
sult from  the  revolution  of  a  liquid  mass  of  the  same  volume  and 
density  once  in  twenty-four  hours ;  and  since  we  have  every  reason 
to  believe  that  the  globe  was  once  fluid,  and  that  it  is  even  so 
now,  with  the  exception  of  a  comparatively  thin  crust  on  its  sur- 
face, it  follows  that  the  cause  of  the  variation  of  gravity  just 
considered  is  itself  an  indirect  result  of  the  centrifugal  force. 

(61.)  Variation  of  the  Intensity  of  Gravity  as  we  rise  above 
the  Surface  of  the  Earth,  —  The  law  by  which  the  intensity  of 
gravity  varies  with  the  distance  from  the  centre  of  force,  can  be 
discovered  by  studying  the  effect  of  the  earth's  attraction  on  the 
moon,  as  compared  with  its  effect  on  bodies  near  its  surface.  The 
mean  distance  of  the  moon  from  the  centre  of  the  earth,  is  about 
fcixty  times  the  earth's  equatorial  radius,  and  it  revolves  round  the 
earth,  in  an  orbit  which  is  very  nearly  circular,  in  27.322  days. 
By  (59),  it  follows  that  the  intensity  of  the  earth's  attraction  at 
the  moon  is  just  equal  to  the  centrifugal  force,  and  it  can  therefore 
be  calculated  by  substituting  in  [4o]  the  values  of  R  and  T  just 
given.  Making  these  substitutions,  we  obtain,  for  the  value  of  the 
earth's  attraction  on  the  moon,  where  M  equals  the  mass  of  the 
moon,  G  =  MX  0.0027.  For  the  unit  of  mass,  then,  the  intensity 
of  the  eatrth's  attraction  at  the  distance  of  the  moon  is  ^=0.0027. 
The  intensity  of  the  earth's  attraction  for  bodies  on  the  equator 
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is,  as  wo  haro  socn,  g  =5  9.780G,  wliich  is  about  8,600  times  greater 
than  0.0027.  For  bodies  as  distant  as  the  moon,  we  maj  consider 
the  attraction  of  the  globe  as  concentrated  at  its  centre  of  figure, 
and  hence  we  may  regard  the  moon  as  about  sixty  times  as  di>tant 
from  the  centre  of  attraction  as  a  body  on  the  equator.  At  sixty 
tinirs  the  distance,  then,  the  force  is  3600  (=  60*)  times  less ; 
that  is,  the  intensity  of  tlie  force  of  grarity  varies  inversely  with 
the  si^iuaro  of  the  distance  from  the  centre  of  attraction.  Repre> 
scnting,  tlien,  hy  ^  and  ^  the  intensity  of  gravity  at  the  distances 
R  and  R\  we  have  always  tlio  pro|»ortion, 

^:fr'  =  R':R\  [46.] 

It  follows  from  the  alH)vo  discussion,  that  the  intensity  of 
gravity  must  vary  at  diflfercnt  heights  above  tiie  sea-level  on 
tlie  surface  of  the  earth.  The  amount  of  this  variation  can 
easily  l>e  calculated  hy  means  of  tlie  al)ove  proportion.  Repro> 
sentin^  hy  f^  tlio  intensity  of  gravity  at  the  sea-level,  by  g*  tlie 
int4»n^ity  at  an  elevation,  A,  and  by  R  the  radius  of  tlie  earth, 
we  have,  from  [40],  neglecting  the  variation  iu  tlie  centrifugal 
force  at  the  two  heights, 

ff  :  ^^  =  Oi  +  hy  :  R\     and    ^  =  ^  -^yt^^'-     f**^-] 

When  h  =  1000  in.,  we  have  from  [47],  fr  =  fr'  1.000:].  Tlic 
amount  of  vuriution  is  then»fon5  ix^rceplihhj  at  any  coiisideral»L» 
elevation  alK>ve  llie  s<»a-level.  Hence,  in  htudying  the  variation  of 
tlie  iiiten**ity  of  pnivity  on  the  surface  of  the  earth,  it  is  im|K)r- 
tant  to  n.Mluee  the  n'>ult.s  of  observations  at  diflferiMit  elevations 
to  the  w»a-lrvrl  UTore  <*omjMirinir  them.  This  can  always  be  done 
by  [47],  wh«Mi  th«?  elrvati<»n  is  known. 

(r»2. )  Late  of  (rrnritation.  —  We  pn)ved,  in  (40),  that  the 
int«*ii>ity  o(  tli«;  ft>n«»  of  ^nivitation  is  directly  pn)|>ortional  to 
t)i<*  quantity  of  niatdT  (the  mass)  on  whirh  it  acts,  and  iu  tlie 
l.l^t  HH-iiou  we  have  ^llown  tliat  tlie  inten>ity  of  the  fon*e  of  gniv- 
il.itiofi  is  inv*«r.i'ly  pn»(M>rtional  to  the  spiare  of  the  di^t:ulce  of 
lh<»  iiia-^<*H,  fin  wliifli  it  a«*t**,  fnun  the  e«»ntre  of  attraction.  By 
coinbininfr  tli**  two,  wo  h.ive  tli«^  wt»ll-known  law  of  prnivitation, 
wliirh  is  expn^^^MMl  in  the  ft»ll«»\vinir  terms  :  —  Afl  massrs  of  mat^ 
irr  attrnvt  onr  nttoihrr  %rith  ft»rcrs  dincthf  prtfjtortioHtii  to  ike 
qnantity  of  muttrr  roHtoinrtl  in  rarh^  and  invrrsely  proporiiomal 
to  the  Si/uant  of  their  distaHvis  from  each  other. 
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This  law  was  discovered  in  1666  by  Sir  Isaac  Newton,  who, 
wliile  reflecting  on  the  power  which  causes  the  fall  of  bodies  to 
the  earth,  and  considering  that  this  power  is  not  sensibly  dimin- 
ished, even  at  the  top  of  the  highest  mountains,  conceived  that  it 
might  extend  far  beyond  the  limits  of  the  atmosphere,  and  even 
exert  its  influence  through  all  space.     It  may  be,  he  thought,  this 
rery  force  by  which  the  moon  is  retained  in  her  orbit  round  the 
earth,  and  the  whole  planetary  system  round  the  sun.     In  order 
to  verify  his  conjecture,  he  calculated,  on  the  same  principle  used 
in  the  last  section,  the  attraction  of  the  earth  on  the  moon,  as- 
suming that  the  force  must  diminish  in  the  inverse  ratio  of  the 
rquare  of  the  distance,  —  an  assumption  to  which  he  was  led  by 
the  relation,  previously  discovered  by  Kepler,  between  the  times 
of  revolution  of  the  planets  and  their  dii^jtances  from  the  sun. 
The  result,  at  first,  did  not  answer  his  expectations,  because  he 
had  used  in  the  calculation  a  value  of  the  earth's  radius,  and 
hence  also  of  the  moon's  distance,  which  was  much  too  small, 
and  he  therefore  rejected  the  hypothesis  as  not  substantiated. 
Several  years  later,  Picard  measured,  with  great  accuracy  for  the 
times,  an  arc  of  the  meridian  in  France ;  and  from  his  measure- 
ment it  appeared  that  the  radius  of  the  globe  was  nearly  one  sev- 
enth greater  than  had  previously  been  supposed.     Furnished  with 
these  new  data,  Newton  resumed  his  calculations  with  complete 
rucccss,  and  in  1087  published  his  great  work,  the  Principia,  in 
wliich  the  consequences  of  this  great  law  were  developed  as  far 
as  the  astronomical  and  mathematical  knowledge  of  tlie  times 
would  permit. 

(63.)  Absolute  Weiffht,  —  When  a  body  is  not  free  to  fall,  the 
force  which  gravity  exerts  upon  it  is  expended  in  jiressure  against 
its  support.  This  pressure  is  called  absolute  irei^^ht.  The  abso- 
lute weight  of  a  book,  for  example,  is  the  pressure  which  it  exerts 
against  the  table  on  which  it  rests.  It  is  evident  that  this  pressure 
is  equal  to  the  intensity  of  the  force  with  which  tlic  book  is  attract- 
ed by  the  earth.  The  intensity  of  the  force  which  gravity  exerts  on 
a  given  mass  of  matter  we  have  represented  l)y  G  (49).  If,  then, 
we  represent  the  pressure  caused  by  this  force,  or  the  absolute 
weight  of  the  same  mass  of  matter,  by  tU,  we  have  fc)  =  G,  Hence, 
we  can  substitute  tU  for  G  in  [2(>]  and  [lIT],  and  \  !iall  tlion  luivo 

to  =  -1/  .  s,  [48.] 

and 

to  :  to'  =  3/ :  M:  [49.] 
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Ill  these  formula),  (O  represents  weight  or  pressure ;  whilo  in 
[:!]]  ami  [27]  G  represents  the  intensity  of  the  force  which  is 
tlie  cause  of  the  pressure.  In  this  work,  tO  always  stands  for  a 
certain  numl>er  of  granmies,  and  G  for  a  certain  number  of  uiiiLn 
of  force.  For  example,  lot  us  sup{K>se  that  tlie  quantity  of  mat- 
ter in  the  Ixxik  just  referred  to  is  espial  to  CO  units  of  mass ;  we 
should  then  know,  from  [20],  that  the  intensity  of  the  force  ex- 
erted by  gravity  u|K)n  it  was  ei|ual  to  400  units  of  force,  and, 
from  [48],  that  its  weight  was  equal  to  490  grammes.  In  the 
first  case,  G  =  M  X  9.8  =  41K)  units  of  force.  In  the  second 
case,  to  =  50  X  9.8  =  490  grammes.  The  numbers  in  llic  two 
cases  are  precisely  the  same,  but  they  signify  difTercnt  kinds  of 
units.  The  identity  of  the  numbers  arises  from  tlie  fact  tliat  the 
unit  of  force  is  etpiivalent  to  a  pressure  of  one  gramme,  so  tliat 
the  diiTorence  between  G  and  tO  i^^  rather  nominal  tlian  real. 

It  follows  from  [49],  that  the  weights  of  bodies  are  propor- 
tional to  the  quantities  of  matter  which  they  contain  ;  in  other 
wonls,  that  a  Uxly  which  contains  two,  three,  or  four  times  as 
much  matter  as  a  given  body,  will  also  weigh  two,  three,  or  four 
times  as  much.  This  fact  has  a  most  important  Iwaring  on 
chemistry,  since  the  chemist  is  enabled,  in  consequence  of  it, 
to  coinjMire  tlie  various  quantities  of  matter  on  whi(*h  he  ex[ieri- 
ments,  by  comparing  their  weights.  So  close  is  tliis  relation, 
that  in  common  language  we  confound  the  weight  of  a  substance 
with  its  nia>s  ;  thus,  we  s[>eak  of  ton  gramnu^  of  iron,  mean- 
ing thereby  a  (piantity  of  inm  which  exorts  a  pn»ssuro  of  ten 
grainmos.  It  mu>t  1k5  nMnenilH»nHl  tliat,  in  hci«Mitific  language, 
weight  always  moans  pressure,  and  not  <|uantity  of  matter.  The 
word  is  most  connuonly  usotl,  however,  to  denote  the  quantity 
of  mat  tor  wliicli  oxorts  the  pn*ssure. 

Si  long  as  niattor  is  noitlior  taken  fmm  nor  ad<l<Hl  to  a  botly, 
its  mass,  from  the  vtTy  dofinition  of  the  t^rin,  n*mains  constant. 
It  is  not  so,  howovor,  with  the  ab«iolute  weiglit.  This  varies  with 
the  force  of  gnivity,  and,  as  follows  from  [4X],  it  is  directly  pn>- 
|M>rtional  to  tlio  intensity  of  this  fon^e.  Hence,  the  ainolute 
woitrlit  of  a  IkhIv  inon»asos  as  we  go  fnnn  the  c<)uat4>r  to  the 
|iolos,  and  diminishos  as  we  ri^;  a)M>ve  the  surface  of  the  eartli. 
(i  is  v«*ry  difforoiit  on  the  ditT<'n*nt  plan<*ts  and  on  the  sun.  A 
ImhIv  W(*igliing  a  kilogrammo  on  tlie  earth  would  woiirh  alH>ut  28 
kilogrammes  on  the  sun,  about  2.0  kilogrammes  on  Jupiter,  and 
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only  about  160  grammes  on  th^  moon.  On  the  surface  of  the 
globe,  however,  the  possible  variation  of  weight  is  but  small, 
amounting  at  most  to  yfp  of  the  whole.  Calling  this  in  roimd 
numbers  ^hiy  ^^  ^^^^  ^  found  that  a  body  weighing  one  kilo- 
gramme at  the  equator  would  weigh  1  kilog.  5  gram,  at  the  poles. 
(64.)  French  System  of  Weights. — Weight  is  estimated  by 
arbitrarily  assuming  a  unit  of  weight,  and  then  comparing  the 
pressure  exerted  by  other  bodies  with  that  exerted  by  the  unit. 
If,  for  example,  this  pressure  in  a  given  case  is  found  to  be  ten 
times  as  great  as  that  of  the  unit,  the  body  is  said  to  weigh  ten 
grammes,  or  ten  pounds,  as  the  unit  may  be  denominated.  The 
French  have  assumed,  as  their  unit  of  weight,  the  pressure  ex- 
erted by  one  cubic  centimetre  of  pure  water  at  4®  C.  (its  point  of 
maximum  density)  in  a  vacuum,  and  at  the  latitude  of  Paris. 
This  unit  they  call  a  gramme.  Tlie  gramme  is  multiplied  and 
subdivided  decimally,  and  the  names  given  to  these  multiples  and 
subdivisions  are  analogous  to  those  used  in  the  case  of  the  metre. 
Thus  we  have  the 

French  System  of  Weights. 

Kilogramme,    1000  gram.  Gramme,  1.000  gram. 

Hectogranune,    100     "  Decigramme,    0.100      " 

Decagramme,       10     *'  Centigramme,  0.010      " 

Gramme,  1     "  Millegramme,  0.001      " 

It  follows  from  the  last  section,  that  a  mass  of  brass  whose 
weight  is  one  gramme  at  Paris  would  weigh  less  than  a  gramme 
at  a  lower  latitude,  and  more  than  one  gramme  at  a  latitude 
liigher  than  that  of  Paris,  Hence,  the  weight  of  one  cubic 
centimetre  of  water  at  4°  C,  and  in  a  vacuum,  is  the  standard 
gramme  only  at  the  latitude  of  Paris. 

The  great  advantage  of  this  system  of  weights  in  all  scientific 
investigations  arises  from  the  very  simple  relation  which  exists 
between  it  and  the  system  of  measures  already  described.  This 
is  so  simple,  that  it  is  almost  always  possible  to  calculate  the 
weight  of  a  substance  from  its  volume,  and  the  reverse,  mentally, 
when  the  specific  gravity  of  the  substance  is  known.  The  French 
system,  both  of  weights  and  measures,  is  exclusively  used  in  tliis 
volume. 

(Gii.)  System  of  Weights  of  the  United  States  and  of  Eng- 
land. —  In  this  country  and  in  England  two  entirely  distinct 

8* 
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units  of  weight  are  in  use,  called  the  TVoy  P&imd  and  the 
Avoirdupois  Pound.  Tlieso  units  are  entirely  arbitrary,  and 
are  represented  by  certain  masses  of  metal,  which  haro  been 
declared  hy  law  to  l>e  the  legal  standard  of  weight.  Tlieso  units 
bear  to  each  other  the  relation  of  144  to  175,  and  do  not  agree 
in  any  of  their  snlHlivisions  except  the  grain.  The  Troy  pound 
contains  5,700,  and  the  avoirdu|)ois  pound  7,000  grains,  all  of  the 
same  value.  The  actual  legal  standard  of  treiffhi  in  the  United 
States  is  the  Troi/  pounds  copied  by  Captain  Kater,  in  1827,  from 
the  imperial  Troy  |)ound,  for  the  United  States  Mint,  and  pre- 
served in  that  establishment.  This  pound  is  a  standard  at  30 
inches  of  the  barometer  and  62^  of  the  Falirenheit  thermometer.* 
The  English  standard  of  weight  is  connected  witli  tliat  of  mea»> 
nre,  by  the  enactments  that  277.274  cubic  inches  shall  constitute 
the  Imperial  Gallon^  and  that  the  weight  of  this  volume  of  pure 
water,  weiglied  in  air  of  30  inches*  pressure  at  62^  P.,  shall  be 
taken  as  10  avoirdupois  pounds,  or  70,000  grains.  Tables  of  the 
sulnlivisions  of  the  two  units,  showing  their  relations  to  the 
French  system,  will  l)e  found  at  iho  end  of  this  Part,  in  connec> 
tion  with  the  other  tables  of  weights  and  measures. 

(«)tx.)  Specific  Weight.  —  The  s|>ecific  weight  of  a  sul)stance 
is  the  weight  of  one  cubic  centimetre  of  the  substance,  and  tliero- 
fore  liears  the  sunie  relation  to  the  weight  that  the  density  does 
to  the  nia^is  ( l.')).  if,  then,  we  represent  specific  weight  by 
Sp.  tXJ,  we  have 

.^,;.tX)  =  ^.  [50.] 

The  specific  weight  of  copper,  for  example,  at  Paris,  is  equal  to 
8.*,»21  ^rraninii's.  The  term  s|)ecitic  weight  ninst  not  l)e  con- 
founded witli  s|K»eiric  gravity,  which  will  Ikj  explained  in  (Ol*). 

The  s|Kvilie  weight  of  a  sub>iance  is  evidently  variable,  and, 
like  the  ubMjlute  weight,  depends  on  the  intensity  of  the  force  of 
gravity. 

( tM. )  rnit  of  Muss,  —  In  a>snming  a  unit  of  weight,  we  have 
alM)  e>i4ii»li*»he<l  tt  unit  of  niu^s.  If,  in  [4x],  we  sub^titute  for  M 
unity,  and  for  i^  the  inten>ity  of  gravity  ut  Paris,  the  value  of 
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10  =  9.8096  grammes ;  [51.] 

that  is,  the  unit  of  mass  weighs  at  Paris  9.8096  gram.  Any 
quantity  of  matter,  then,  which  weighs  at  Paris  9.8096  gram., 
is  the  unit  of  mass.  The  weight  of  the  unit  of  mass  evidently 
varies  witli  the  intensity  of  gravity ;  thus,  at  the  poles  the  unit 
of  mass  weighs  9.8315  gram.,  at  the  equator  it  weighs  9.7806 
gram.  The  diflFerences  are  very  much  greater  on  the  surfaces 
of  the  Sim,  moon,  and  planets ;  thus,  on  the  sim  the  unit  of 
mass  weiglis  about  277.5  gram.,  on  the  moon  about  1.654  gram., 
and  on  the  planet  Jupiter  about  26.243  gram.  In  general,  a 
quantity  of  matter  which  weighs  as  many  grammes  as  the  number 
which  expresses  the  intensity  of  gravity  at  the  place  of  observa- 
tion, is  equal  to  the  unit  of  mass. 

Prom  equation  [48]  we  have,  by  transposition,  ilf=  — .  Hence, 

in  order  to  find  the  number  of  units  of  mass  of  which  a  body 
consists,  we  have  only  to  divide  its  weight  in  grammes  by  the  in- 
tensity of  gravity  at  the  place  of  observation.  For  example,  500 
grammes  of  iron  at  Paris  contain  g^^f^  =  50.98  units  of  mass. 

(68.)  Density,  —  The  density  of  a  substance  has  been  defined 
as  the  mass  of  one  cubic  centimetre  of  the  substance  (15),  and 

from  [1]  we  have  X)=  ^,  or,  substituting  for  M  its  value,  — , 
and  then  for  -f^  the  symbol  Sp.  tt),  wo  obtain 

D  =  -*^  =  ^^  (units  of  viass).         [52] 

8  921 
The  density  of  copper,  for  example,  is  equal  to  ly^rr.  =  0.909 

unit  of  mass.  Density  has,  therefore,  the  same  relation  to  spe- 
cific weight  that  mass  has  to  weight.  It  is  always  equal  to  the 
weight  of  one  cubic  centimetre  of  the  substance  divided  by  the 
intensity  of  gravity.  It  is  evidently  a  constant  quantity,  and 
docii  not  vary  with  the  intensity  of  gravity. 

(69.)  Specific  Gravity,  —  The  specific  gravity  of  a  substance 
is  tlie  ratio  of  its  absolute  weight  to  that  of  an  equal  volume  of 
pure  water  at  4*  C.  and  at  the  same  locality.  If  tX)  represents 
the  absolute  weight  of  the  substance  at  any  place,  and  tXJ'  the 
weight  of  an  equal  volume  of  water  at  the  same  place,  then 

Sp.  Gr.  =  g,.  [53.] 
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Moreover,  since  iX)  bs  Jl/.  ^i-,  and  t3'  =  J/' .  g-,  we  have,  also, 

5>,.GV.  =  ;]J;^  =  ^,.  [54.] 

Ilcnce  the  specific  gravity  of  a  suljstaiice  is  likewise  the  ratio  of 
its  mass  to  the  ma^s  of  an  equal  volume  of  water.  It  is,  there- 
fore, like  the  deiiMty,  a  constant  quantity,  and  does  not  vary  with 
the  intouiiity  of  gravity. 

In  the  French  system,  one  cubic  centimetre  of  water  at  4*  C. 
weighs  at  Paris  one  gramme,  and  hence  at  Paris  the  weight  in 
grammes  of  a  given  volume  of  waU^r  at  4'  C.  is  always  ct|ual  to 
tlie  numlx^r  of  cubic  centimetres.  We  luav  therefore  substitute 
in  [•*>•>]«  for  (D't  the  volume  in  cubic  centimetres.  If  we  al»o 
designate  by  W  the  absolute  weight  of  a  body  at  Paris,  and  by 
Sp.  W.  the  specific  weight  at  Paris,  we  can  obtain  from  [u;)] 

and  [oO], 

IT 
Sp.  Gr.  =  |.  =  Sp,  ir.  [^0 

From  this  equation,  it  appears  that  the  numbers  expressing 
the  specific  gravity  of  a  substance  and  its  specific  weight  at 
Paris  are  always  the  same  in  the  French  system.  The  dilTercnce, 
however,  lietween  the  two  is  an  essential  one.  Sp.  W.  always 
stands  for  a  certain  number  of  grammes,  but  Sp.  Gr.  is  a  ratio. 
When  we  say  that  the  s|>ecific  weight  of  cop|ier  is  8.921  grauimos, 
we  mean  that  one  cubic  centimetre  of  c(>p|ier  weighs  at  I*aris 
this  nuinlKT  of  grammes  ;  but  when  we  say  that  the  specific 
gravity  of  copjKT  is  8.1#21,  we  merely  mean  that  a  volume  of 
copiMT  weighs  8.U21  as  much  as  the  same  volume  of  water.  The 
first  numU^r  is  variable,  de|KMi<Iing  on  the  unit  of  weight  used; 
the  last  is  invarial>le,  and  hence  the  same  with  all  systems  of 
weiglits.  It  is  only  in  the  French  system  of  weights  thai  Uie  two 
numlN»n«  are  the  same. 

We  can  ea>ily  obtain  fmiii  ['>o], 

r=  ^.  "\  ,    and     W=r.Sp.Gr.         r:>6.] 

Sjt.  iff.  '  •■        J 

These  simple  fornuihc  should  )m>  r«MnemlK>red,  as  they  will  be 
constantly  ummI  in  the  cour^*  of  tbi>  work. 

It  is  more  U!»uul  to  D'Ct  the  v|MH*itir  gnivity  of  gases  to  air, 
as  a  ^tandard  <»f  conip^triMin,  than  to  watiT.  It  will  be  shown 
hereafter  that  the  weight  of  a  given  volume  of  air  varies  very 
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greatly,  both  with  tho  tempcratiiro  and  the  atmospheric  pressure 
to  which  it  is  exposed  ;  and  it  is  therefore  essential,  in  using  air 
xis  a  standard  of  comparison,  to  adopt  arbitrarily  a  certain  tem- 
perature and  pressure,  at  which  it  shall  be  considered  as  the  stand- 
ard. The  temperature  which  has  been  generally  agreed  upon 
is  0**  C,  and  the  pressure  which  has  been  adopted  is  that  cor- 
responding to  a  height  of  7G  c.  ra.  of  the  barometer. 

Wo  may  then  define  the  specific  gravity  of  a  gas  as  the  ratio  of 
its  weight  to  that  of  an  equal  volume  of  air  at  0®  C.  and  under  a 
pressure  of  76  c.  m.  Representing  by  W  the  weight  of  a  given 
volume  of  gas  at  Paris,  and  by  W*  cind  W"  the  weights  respec- 
tively of  the  same  volumes  of  water  and  air  at  the  standard  tem- 
peratures and  pressure,  —  also  representing  by  Sp.  Gr.  the  spe- 
cific gravity  of  the  gas  referred  to  water,  and  by  Sp.  Gr.  the 
specific  gravity  referred  to  air,  —  we  have 

W  W 

Sp.  Gr.  =  ^,    and    Sp.  Gr.  =  -^.  [57.] 

When  the  specific  gravity  of  a  given  substance  is  referred  to 
one  standard,  it  is  frequently  required  to  calculate  its  specific 
gravity  with  reference  to  the  other,  or,  in  technical  language,  to 
reduce  the  specific  gravity  to  the  other  standard.  For  this  pur- 
pose, we  know  that  tho  specific  gravity  of  air  with  reference  to 

water  is  equal  to  0.00129363.     Hence,  ^  =  0.00129363,  and 

by  substituting  the  value  of  IF',  obtained  from  this  in  [57],  we 
can  easily  obtain 

Sp.  Gr.  =  Sp.  Gr.  0.001293C3,  [58.] 

a  formula  by  means  of  which  the  reduction  can  easily  be  made. 

A  table  giving  the  specific  gravities  of  some  common  substances 
will  be  found  at  the  end  of  this  Part. 

(70.)  Unil  of  Force.  —  Tho  unit  of  force  has  been  defined  as 
that  force  which,  acting  on  the  unit  of  mass  during  one  second, 
will  impress  upon  it  a  velocity  of. one  metre  (29).  Since  the 
unit  of  mass  weighs  at  Paris  9.810  grammes,  we  can  also  define 
the  unit  of  force  as  that  force  which,  acting  during  one  second, 
will  impress  on  9.810  grammes  of  matter  a  velocity  of  one  metre. 
Moreover,  it  follows  from  [14]  that  a  force  which  will  impress 
during  one  secotid  a  velocity  of  one  metre  on  9.810  grammes  of 
matter,  is  equal  to  the  force  which  will  impress  a  velocity  of  9.810 
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metres  on  one  gnmme  of  matter.  Dtit  lliia  force  u  the  aame  u 
tlio  furcQ  exerted  by  gravity  on  one  gntniiuo  of  matter.  In  oilier 
wordti,  it  is  equal  to  tlio  Toiglit  of  one  graiumo.  Wo  have,  ilK'n, 
a  new  meosura  for  our  unit  of  force.  The  unit  of  force  ia  tiic 
force  exerted  in  pressure  by  tlio  unit  of  wciglit.  AVhon  a  weight 
of  ten  grammes,  for  example,  is  eunpcndcd  to  a  fixed  piiint, 
ttio  prciisuro  exerted  by  tliat  voiglit  ia  ojuivalcnt  to  tcu  uuiu  of 
force. 

(^71.)  Relative  IVeiffht. — Tlicro  ore,  i:»  general,  tiro  method* 
l>y  which  tho  weight  of  a  body  (Uiat  is,  tlic  iinwsure  which  it  u- 
crtt^)  may  bo  dctemiiued. 

The  liriit  metliod  consists  in  balancing  tlic  pressure  against  a 
spring,  and  determining  tlie  weight  from  the  amount  by  which  tlie 
spring  is  iMsnt.  An  iiiatrument  for  this  pur|>oso  is  reproseuted  in 
Fig.  ^*>.  It  couNiiita  of  a  atccl  spring,  l>ent  in  tlie  form  of  a  V. 
To  tbo  cud  of  the  lower  arm  h  fustcned  an  iron  arc,  which  insses 
freely  through  an  opening  in  the  upper  arm,  and  ends  in  a  ring. 
To  tlio  end  of  the  up|)er  arm  a  similar  iron  arc  ia  fastened,  which 
passes  through  an  opening  in  tho  lower  arm,  and  terminates 
i:i  a  liouk.  In  using  the  instnimeiit,  the  Ifwly  to  l>c  weighed 
U  tusitcnded  by  the   lioolc,  as  in   Fig.  Bo,  and 

I  tho  numi)er  of  grammes  by  which  the  Pprinft 
ia  l)Ciit  is  then  read  off  on  tho  pmduated 
are.  Such  a:i  instrument  is  calle<l  a  tpriitff  Iml- 
ancc,  and  indicatca  at  unco  the  absolute  woi;:lit 
of  a  IhhIv.  Cunld  it  l>c  made  suflicicntly  doli- 
calc.  it  woubl  show  that  the  absolute  wrifiht  of 
a  iHjdv-  varied  on  tlio  Litrlb's  surface,  gradually 
incrcLLiing  from  the  c<inatnr  towards  tho  \yAct. 
.'"ucli  an  i;i;<trnnieul  would  giro  the  absolute 
wi-i-bt  of  a  IkmIv. 
■v  K-  Tbo  M^coiid  mothixl  consists  in  prcparinfr  a  set 

ofso^alled  weights,  which  are  masses  f)f  brass  or  platinum  weigh- 
i:ig  exactly  one  graniuo'.  or  M}ini!  multi|ilo  or  fraction  of  a  gramme, 
at  Paris.  The  woi;;bt  of  u  IhmIv  is  then  estimated  by  balancing  it 
a^aiiist  these  woiifhli  in  a  wolUknown  instrument  called  tlie  bal- 
aitrr.  Tlio  balaiico  i'<  nn-rcly  a  form  of  the  lever,  bo  constructed 
that,  when  e<|nal  pressnn-s  urc  cxcrlod  ii:i  its  two  pans,  the  beam 
stands  in  a  burizo:iial  position.  Tho  l>ody  to  ho  weighed  it 
pbced  in  one  |>an,  and  tlicii  weights  arc  added  to  tlie  other  until 
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tlie  beam  of  the  balance  rests  in  a  horizontal  position.  The  sum 
of  these  weights  then  indicates  the  weight  of  tlie  body.  At  Paris 
tlie  balance  indicates  at  once  the  absolute  weight  of  a  body,  but 
not  necessarily  so  at  other  places  on  the  earth's  surface.  To  il- 
lustrate tliis  point,  let  us  suppose  that,  in  wcig^iing  at  Paris,  it 
required  ten  grammes'  weight  in  one  pan  of  the  balance  to  equi- 
poise the  body  in  the  other  pan.  Suppose,  now,  that  we  trans- 
))ort  tlie  whole  apparatus  to  some  point  on  the  equator.  It  is 
evident  tliat  our  gramme  weights  no  longer  weigh  one  gramme 
each,  but  something  less,  by  an  amount  easily  calculated  from 
the  diminution  in  the  intensity  of  gravity.  Nevertheless,  since 
the  body  has  lost  weight  in  the  same  proportion,  it  will  still 
be  balanced  by  the  ten  granmie  weights,  and  so  it  would  be  all 
over  the  globe.  This  weight,  which  is  frequently  called  relative 
ireig-ht^  will  always  be  designated  in  this  work  by  Wj  in  order  to 
distinguish  it  from  the  absolute  weight  at  other  localities,  which 
we  have  already  designated  by  ft).     Hence  we  have,  from  [48], 

W=  M .  9.8096,    and    ft)  =  itf .  g-,         [59.] 

Pince  the  force  of  gravity  at  any  given  locality,  and  hence  at 
Paris,  does  not  vary,  it  follows  that  the  relative  weight  of  a  body, 
or  Wj  is  a  constant  quantity  ;  the  same  at  any  point  on  the  sur- 
face of  our  globe,  and  the  same  on  the  sun,  moon,  and  planets 
as  it  is  on  the  earth. 

AVe  can  easily  find  the  absolute  weight  of  a  body  at  any  local- 
ity, when  its  relative  weight  is  known.  Representing,  as  above, 
l)y  W  the  relative  weight  of  the  body,  and  by  tX)  the  absolute 
weight  required  at  the  place  in  question,  we  have,  from  [59], 

to  :    W=  M.g  :  ZI.  9.809G,  [CO.] 

and 

to  =  ^»^uiuo '  [CIO 

that  is,  the  absolute  weight  of  a  body  at  any  place  is  equal  to  the 
absolute  weiglit  at  Paris  (or  the  relative  weight  of  the  body  at  the 
place)  multiplied  by  the  ratio  between  the  intensity  of  gravity  at 
the  place  and  that  at  Paris. 

Relative  weight  is  the  direct  measure  of  the  mass  of  a  body. 
Representing  by  m  the  mass  of  the  unit  of  weight,  we  have 
1  yr.  =  m .  9.8096.     By  comparing  this   equation   with    IF= 

m.  9.8096  we  obtain  Tr=— ;  that  is,  the  relative  weight  of  a 

m  ° 
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Ixxly  indicates  the  quantity  of  matter  which  it  contains,  compared 
with  that  contained  in  one  cubic  centimetre  of  water  at  4""  C.  It 
is  therefore  a  legitimate  measure  of  the  quantity  of  matter  con- 
tained in  a  body,  and  the  word  freight  is  almost  exclusively  tised 
in  this  sense  in  chemistry,  as  it  is  in  common  life. 

MECHANICAL   POWERS. 

(71  Wt.)  Machinei. —  By  the  aid  of  wheels,  rods,  bands  or 
cords,  and  inclined  surfaces,  power  may  be  readily  transmitted 
from  one  point  to  another,  and  the  intensity,  direction,  point, 
and  mode  of  application  of  the  acting  force  varied  in  a  multi- 
plicity of  ways.  The  numerous  contrivances  by  which  such 
changes  are  etfected  are  termed,  in  general,  machines.  All  ma- 
chines, liowever  complicated  their  structure,  will  bo  found  on 
examination  to  consist  of  a  limited  number  of  simple  parts,  gen- 
erally called  mechanical  powers,  or  simjile  machines.  Among 
these  we  usually  distinguish  six ;  viz.  the  lever,  the  wheel  and 
axle,  the  pulley,  the  inclined  plane,  the  wedge,  and  the  screw. 
Of  each  of  these,  however,  there  are  many  varieties ;  and  the 
skill  of  the  inventor  is  shown  no  less  in  adapting  these  parts  of 
his  machine  to  their  special  pur{K>se,  than  in  combining  the  parts 
so  that  they  shall  act  harmoniou^ly  together  to  produce  the  de> 
sired  result.  A  description  of  the  various  mechanical  powers, 
or  of  their  ini|)ortant  applications,  is  entirely  l)eyond  the  scope 
of  this  work.  There  is,  however,  one  im[x>rtant  general  princi- 
ple connected  with  the  subject  which  may  be  noticed  in  passing. 
A  machine  transmits  power  without  increasing  it  in  the  slightest 
degree.  Indeed,  more  or  less  power  is  always  lost  during  the 
transmission,  in  overcoming  friction  and  other  causes  of  resist- 
ance. Tlie  use  of  a  machine  is  to  adapt  power  to  the  work  to 
l>e  done.  It  may  change  the  direction  or  the  velocity  of  the 
motion  caused  by  the  |N)wer  ;  it  may  change  the  mode  of  action 
of  the  |>ower ;  it  may  change  the  intensity  of  the  power,  and 
enable  a  feeble  force,  by  acting  through  a  great  distance,  or 
during  a  long  time,  to  overcome  a  great  resistance.  It  may 
mo«Iifv  the  action  uf  the  iMiwor  in  an  infinite  varietv  of  wars,  so 
as  to  pnxluce  the  UM^ful  effects  of  which  machinery  is  capable, 
but  it  will  lie  found  in  every  case  that  the  work  done  by  the  ma- 
chine is  the  exact  e<)uivalent  of  the  power  it  receives.  One  only 
of  the  mechanical  |iowers  requires  further  notice  in  this  work. 


GENERAL  PROPERTIES  OF  MATTER. 


97 


THE  BALANCE. 

(72.)  Lever.  —  Before  studying  the  theory  of  the  balance,  it 
is  important  to  consider  the  general  theory  of  the  lever,  of  which 
the  balance  is  only  a  single  example. 

A  lever  is  any  rigid  bar,  A  B  (Fig.  36),  resting  on  a  point,  c, 
round  which  two  forces  tend  to  turn  it  in  opposite  directions. 


Sirs 


«*: 


Ftf.  86b 


Fig.  87. 


The  point  c  is  called  i\\Q  fulcrum.  The  force  applied  at  A  is  called 
the  power  J  and  the  force  applied  at  B  is  called  the  resistance^  or 
the  weight.  Jjcvers  are  commonly  divided  into  three  kinds,  ac- 
cording to  the  position  which  the  fulcrum  has  in  relation  to  the 
power  and  the  weight.  If  the  fulcrum  is  between  the  power  and 
the  weight,  as  in  Figs.  36, 37,  the  lever  is  of  the  first  kind.     If 


FIf .  8R. 


Pig.  89. 


the  weight  is  between  the  fulcrum  and  the  power,  as  in  Fig.  38, 
the  lever  is  of  the  second  kind.     If  the  power  is  between  the 
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ftilcruni  and  the  vciglit,  as  in  Fig.  39,  tlio  IcTor  is  oT  the  tiiinl 
kind. 

In  tlio  three  kinds  of  lever,  llio  perpendicular  diitancci  from 
I'.io  fulcnim  to  the  Linos  of  direction  of  tlie  two  furcct  are  called 
itic  arms  of  tlio  lover.  If  tlie  Icvor  is  straiglit,  aiid  perpendicular 
to  llio  directions  of  both  of  the  two  forces,  tlio  two  portions  of 
t'lu  leror,  A  c  and  B  c.  Fig.  30,  aro  thonuclros  tbo  arms  of  tlie 
L'Vi-r.  If,  however,  the  lever  in  not  straight,  or  is  inclined  to 
the  direction  of  one  or  )>otli  of  the  forces,  the  arms  of  the  lover 
are  the  perpendiculars,  a  c  and  b  c.  Fig.  37,  a  O  and  b  O,  Fig.  4t), 
let  fall  from  tlio  fulcrum  on  tlicso  directions. 

Ill  order  that  the  two  forces  applied  to  tlio  lever  should  bo  in 
cquilihrinm,  thrco  conditions  aro  essential :  — 

Ist.  The  lines  of  direction  of  tlie  two  forces  must  be  in  the 
same  plane  with  the  fulcrum. 

2d.  The  two  forces  must  tend  to  tuni  tlio  lever  in  opposite  di- 
rections. 

3d.  The  tntcnsitr  of  the  two  forces  mtist  Iw  to  each  other  in* 
ver^'lv  as  the  lengths  of  the  arms  of  the  lever  to  which  tliej  may 
be  rc{rardi.'d  as  applied. 

That  these  three  conditions  arv  CRscnlial  to  equilibrium  can 
easily  l>e  proved.  In  the  first  place,  it  h  evident  that  the  two 
forces  cannot  be  in  ecinililjrium,  unices  the  direction  of  ttu^ir 
resultant  passes  through  the  fulcrum.  N>>w  it  can  easily  be 
pmvod,  that,  unlc«  tlio 
two  forces  aro  in  the 
same  plane,  they  con 
have  no  single  reitiilt- 
aiit;  and  hence  follows 
the  nocossity  of  the  rin>t 
condiiimi.  In  (he  second 
phicii,  Ift  us  supfiuso,  Fig. 
40,  that  .-1  Q  and  B  P 
arc  the  lines  of  direction 
of  two  forces  in  the  sanw 
plane  with  the  fulcnim 
O,  and  (hat  ('  is  the  point 
when?  tliosi!  directions  iii- 
t  -r^-rt :  t!i.-n,  in  onh-r  that  the  din-ction  of  the  n^suliant  O  R 
thouhl  )Ku>!t  through  O,  it  is  evident  that  the  directions  of  iba 
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components  should  be  such  that  tlicj  would  tend  to  turn  tlio 
lever  in  opposite  directions. 

Tbe  necessity  of  tlie  third  condition  will  be  moEt  readilj  ceen 
if  studied  under  two  cases.  In  the  first  place,  let  us  take  the 
case  where  the  two  forces  are  parallel,  as  in  Fig.  ST.  It  has  been 
proved  {S7)  that  the  point  of  application  of  the  resultant  of  two 
parallel  forces  divides  the  line  joining  the  points  of  application 
of  the  components  into  two  parts,  which  are  inversely  propor- 
tional to  the  intensities  of  the  forces.  Hence  it  follows,  thut, 
in  order  that  the  direction  of  tho  resultant  in  Fig.  37  should  pass 
through  the  fulcrum,  the  two  forces  applied  at  A  and  B  must  be 
inversely  proportional  to  j1  c 
and  B  c,  and  hence  also  to 
a  e  and  b  c,  wliich  ore  the 
arms  of  the  lever.  In  the 
second  place,  let  us  suppose 
that  the  directions  of  tlie 
forces  are  not  parallel,  as 
in  Fig.  41.  In  this  Hgure, 
A  Q  and  B  P  represent 
the  directions  of  the  forces, 

which  wo  will  represent  by  F  and  F',  and  a  O  and  b  O  the  arms 
of  tlie  lever.  By  tho  principle  of  (32),  the  effect  of  these  forces  is 
(he  same  as  if  they  wcro  applied  respectively  at  a  and  b,  points 
which  wo  may  consider  as  immovably  united  to  the  lever.  From 
0  extend  the  line  b  0  until  it  intersects  the  direction  A  Q  at  a 
[Miiiit  c.  By  tlie  same  principle  as  above,  the  effect  of  the  force 
Fis  the  some  as  if  it  were  applied  at  c.  We  can  now  evidently 
consider  this  force  as  made  up  of  two  others  perpendicular  to 
each  other,  one  acting  in  the  direction  0  c,  which  will  be  neu- 
tralized by  the  resistance  of  the  fixed  point  0,  and  the  other  in 
UiG  direction  e  q  parallel  io  B  P.  Complete  the  parallelogram, 
and  let  us  suppose  that  F^c  Q,  and  hence  that  the  component 
parallel  to  5  i*  is  equal  to  c  q.  It  follows  now,  from  the  proof 
given  above,  that  there  can  only  be  equilibrium  when 

F'xOb  =  cqxOc,    or     cq=-^^—. 

But  from  the  similarity  of  tho  triangles  cq  Q and  c  0  a,  we  have 
eq:  Oa  =  cQ:  Oc,  and  by  substituting  for  cQ  and  cq  their 
values  just  given 
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jF'  :  Oa  =  F  :  Ob.  [<>,>.] 

It  is,  then,  also  a  condition  of  equilibrium,  that  tho  two  forces 
should  Ik)  to  each  other  inverselj  as  tho  lengths  of  the  arms  of 
the  lever,  the  point  which  was  to  bo  i)rovcd.  Wo  have  prored 
the  validitj  of  the  three  conditions  of  equilibrium  for  the  fir^t 
kind  of  lever  only ;  but  this  proof  can  easily  be  extended  to  the 
second  and  third  kinds  of  lever. 

It  follows  from  what  has  been  said,  that  the  tendencv  of  the 
IK)wer  to  turn  the  lever  may  l>e  augmented  either  by  increasing 
the  amount  of  the  power,  or  by  increa!>ing  tho  length  of  die  arm 
of  the  lever  on  which  it  acts  ;  that  is,  by  increasing  the  perpen- 
dicular distance  of  the  direction  of  the  force  from  the  fulcrum. 
In  either  case,  the  effect  will  be  increased  in  a  corresponding 
proportion.  Thus,  if  we  remove  the  |M)wer  to  double  its  distance 
from  tho  fulcrum,  we  shall  double  its  effect ;  and  if  we  remove  it 
to  half  tho  distance,  wo  shall  diminish  its  effect  by  one  half.  Tlio 
perpendicular  distance  of  the  direction  of  a  force  from  tho  ful- 
crum is  called  its  leverage ;  and  it  is  evident  that  tho  cflect  of 
any  force  applied  to  a  lever  will  be  proportional  to  its  leverage. 

From  pro|K)rtion  [rt.">]  we  obtain,  by  multiplying  together  tho 
extremos  and  the  means,  F  X  O a  =  F*'  X  Ob.  The  product 
of  the  intensity  of  a  force  by  tlie  len^rth  of  the  perpendicular  let 
full  from  a  fixed  [M>int  to  the  line  of  dinx*tion  of  the  force,  is 
called  the  moment  of  the  force  with  resj)ect  to  the  point.  Since 
On  and  O  b  an.'  such  |>orpendicuIars,  it  foHows  that,  when  a  lever 
is  ill  equilibrium,  the  moments  of  the  jHurer  and  resistance  are 
e<iual. 

(7o.)  The  lialancf,  — The  instrument  by  means  of  which  the 
weijrht  of  a  sul>stance  is  coni|KinHl  with  the  unit  of  weight,  is 
called  a  Rahmce.  It  is  generally  made  of  brass,  and  cimsists* 
essiMitially  <if  an  upright  pillar  sup|K>rtiiig  a  l>eam,  B  /?,  Fig. 
42,  which  turns  u|M>n  a  kiiift.»-odge,  plact^d  exactly  at  the  mid- 
dh»  of  its  h'nirlh.  FnMU  the  two  ends  of  the  Iteam  are  sus- 
pMidod  tlit»  pans,  in  which  the  weights  to  l»e  conqNireil  are 
jilaoi'd.  The  knif«»HMl{ri»  ;«,  fornic<L  by  a  trianyrular  htcvl  {irism 
pa^sin^  thnui^h  tlu)  In^ani,  whose  axis  is  exactly  at  right  angles 
with  llie  jil.inc  of  the  In^ani.  The  h)wer  eilgo  of  the  prism  is 
sharj),  an«l  n-Hts  u|M}n  an  agnte  plane,  so  as  to  make  the  friction  as 
small  as  |»os«>ilile.  For  the  same  n»a«<on,  the  lH>oks  by  which  tho 
{Mins  are  hUs|ionded  rest  also  on  knifo-edg<;s.     These  knife-edges 
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aro  adjusted  perpendicularly  to  the  plane  of  the  beam,  and  on  the 
same  level  as  the  fulcrum.  Tlie  fulcrum  is  so  placed  that  tlie 
ceutre  of  gravity  of  the  beam  Eliall  be  slightly  below  it,  bo  that 


when  in  equilibrium  tlie  beam  will  tend  to  come  to  rest  in  a 
horizontal  position.  Tlio  centre  of  gravity  can  bo  adjusted  by 
means  of  the  button  C,  Fig.  42,  which  can  be  moved  up  or  down 
on  the  screw  to  which  it  is  fastened.  The  long  index-rod  attached 
to  the  beam  below  the  knife-edge  indicates,  by  the  graduated  arc, 
when  the  beam  is  horizontal.  When  the  balance  is  not  in  use, 
Che  beam  can  be  lifted  off  from  its  bearing,  and  supportod  upon 
the  brass  arms  E,  E.  These  are  attached  to  the  cross-piece  a  a, 
»!iich  can  be  raised  or  lowered  by  turning  the  thumb-screw  O. 
Tlie  motion  of  the  cross-picco  is  directed  by  the  two  pins  A,  j1, 
vhicli  play  loosely  through  holes  at  its  two  ends. 

A  balance  is  evidently  a  lever  with  equal  arms,  and,  according 
to  the  principle  of  the  lever,  if  equal  weights  are  placed  in  the  two 
pans,  they  will  exactly  balance  each  other.  The  balance,  there- 
fore, enables  us  to  compare  the  weight  of  a  substance  witli  the 
unit  of  weight.  We  have  simply  to  place  the  substance  in  one 
pan  of  the  balance,  and  then  add  weights,  which  have  been  ad- 
justed by  the  standard  unit,  to  the  other,  until  the  beam  assumes 
a  horizoutal  position,  or  until  it  vibrates  to  an  equal  distance  on 
9« 
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both  mdcs  of  this  position,  —  as  caii  bo  obsonred  bj  tho  motion  of 
tho  index  over  tho  graduated  arc.  Tho  siun  of  tho  weiglits  ro- 
quired  to  balance  tho  substance  is,  then,  its  rehitivo  weig^it  iai 
temis  of  the  unit  of  weight  employed. 

The  usefulness  of  a  balance  depends  upon  two  points,  —  1st,  its 
aecuract/y  and,  2dly,  its  sensibility  to  slight  differences  of  weight 
An  examination  of  the  conditions  on  which  these  depend,  will 
lead  us  to  understand  better  the  principle  of  this  very  important 
instrument.  From  the  mode  in  which  the  pans  of  a  balance  arc 
siLspcnded,  it  is  obvious  that  we  may  regard  their  whole  weiglit 
as  concentrated  on  the  kiiirtM^Mlges  at  the  ends  of  tlio  beam.  In 
a  theoretical  consideration  of  tho  subject,  we  may  therefore  leave 
the  pans  entirely  out  of  view,  and  consider  any  weight  placed  in 
them  as  directly  applied  to  tho  knife-edges,  thus  reducing  tlie 
balance  to  a  straight  lever.  From  another  point  of  view,  tlie 
whole  weight  of  tho  beam  and  pans  may  be  considered  as  con* 
centrated  at  the  centre  of  gravity,  when  the  balance  becomes  a 
pendulum,  whoso  point  of  suspension  is  tho  fulcrum  of  tlie  beam. 
These  two  mechanical  principles,  combined  in  tlio  balance,  have 
constantly  to  1)0  kept  in  view  in  studying  its  theory.  It  will  tlien 
be  easy  to  understand  the  following  circumstances,  on  which  the 
accuracy  and  sensibility  of  the  instniment  depend. 

1.  It  is  necessary  that  the  distances  of  the  two  knife-rdffts 
from  the  fulcrum  should  be  exactly  equal;  for  if  the  distance  from 
the  fulcrum  of  the  |K)int  of  sus|)en}iion  of  one  |ian  were  greater 
than  that  of  the  other,  then  a  weight  placed  in  the  (ir^t,  acting 
under  a  greater  leverage,  would  balance  a  larger  wright  in  the 
la»t,  and  tho  larger  in  pro|)ortion  to  the  inetpiality  of  tho  two 
arms  of  the  l>oam. 

-.  It  is  necrs<ary  that  the  centre  of  i^ravity  of  the  Iteam  ami 
jHins  should  be  below  the  fulcrum^  and  as  near  to  it  as  possible, 
Wrn»  till*  c«Mitre  of  gravity  at  the  fulcrum,  th«i  lH*am  would  not 
«»M*illat4%  hut  remain  in  whatM)ever  |M)iiition  it  were  pl.ict*d. 
W«Te  it  uImivo  the  fulcrum,  the  lH»am  wtiuld  Iw  overset  bv  tlio 
^li'»'lltr«>t  ini|»uls4«.  Wh<*n  it  14  l»elow  the  fulcrum,  the  U^am,  as 
already  Matt'd,  may  )m)  n*^anlrd  as  a  {MMidulum,  whotto  axis  ci>- 
i:iri«I'*H  witli  th*^  line  joining  tlio  fuiorum  and  centre  of  gravity. 
Am  tltiH  line  forms  riirht  angh's  with  the  axis  of  the  U^am  in  wlial- 
eVL*r  |Mi>ition  the  lattor  may  W*  planMl,  and  as  the  |iendulum 
tends  always  to  fall  back  to  the  |)eq)endicular  position  whoaever 
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removed  from  it,  it  follows  tliat,  if  wo  impart  an  impulse  to  tlie 
beam  of  a  properly  adjusted  balance,  it  will,  after  Tibrating  for 
some  time,  iiiTariably  return  to  a  horizontal  position.  The  centre 
of  grarity  of  tlio  beam  is  exactly  under  tlio  fulcrum,  and  in  a  line 
at  right  angles  to  the  ezia  only  when  the  two  pans  are  equally 
loaded.  If  unequally  loaded,  the  centre  of  gravity  is  to  tlie  right 
or  to  tho  left  of  this  line ;  and  in  tliat  case  the  beam  tends  to 
come  to  rcbt  at  an  angle  to  tho  horizontal  position,  rapidly  in- 
creasing with  the  inequality  of  the  weight  until  the  beam  is  entirely 
overset.  In  weighing  witli  a  delicate  balance,  it  is  not  necessary 
tj  wait  until  tlie  beam  comes  to  rest,  in  order  to  ascertain  whether 
tlie  pans  have  been  equally  loaded.  This  can  bo  ascertained  more 
jiromptly  by  noticing  tho  amplitude  of  the  vibrations  of  the  index 
ou  eithsr  side  of  tho  perpendicular,  by  means  of  tho  graduated 
arc.  They  will  bo  equal  only  when  the  weights  in  tlie  two  pans 
are  equal. 

The  sensibility  of  a  balance  depends  in  great  measure  on  the 
nearness  of  the  centre  of  gravity  to  the  fulcrum.  In  order  tliat 
a  small  wciglit,  placed  in  one  pan  of  a  balance,  should  turn  the 
beam,  it  must  evidently  overcome  two  forces  ;  first,  tlie  friction 
of  tlio  knifo^dges  on  their  bearings,  and,  secondly,  the  tendency 
of  the  beam  to  romahi  in  a  horizontal  position.  This  tendency 
depends,  as  has  already  been  shown,  upon  the  position  of  tlio 
centre  of  gravity  below  tho  point  of  support.  Let  us  now  com- 
pare two  cases  iu  which  tlie  centres  of  gravity  are  at  ditfcrcut 
distances  from  tho  fulcrum, 
and  ascertain  in  which  case 
tlie  force  required  to  turn 
tlio  beam  will  be  the  least, 
lu  Fig.  43,  suppose  tho  line 
a  b  to  bo  tho  axis  of  the 
beam,  O  tho  fulcnim,  and 
g  or  G  tho  centre  of  grav- 
ity. We  have  now  to  in- 
quire iu  what  position  of 
tlio  centre  of  gravity  it  will 
require  the  least  force  to  bring  the  beam  to  a  new  position,  a'  b'. 
In  order  to  bring  the  axis  of  the  beam  to  this  position,  it  will  be 
necessary  to  bring  tho  centre  of  gravity  from  f  to  g",  or  from  G 
to  G'.     Iu  tho  first  cose,  it  will  bo  necessary  to  raise  tho  whole 
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weight  of  tho  beam  and  pans,  which  wo  suppose  coneentrated  at 
g'j  through  tho  ]ierpendicular  distance  g'  e ;  and  in  Uio  second 
case,  to  raise  the  same  weight  througli  tlie  distanoo  G  E.  Since 
tlie  distance  (^  e  \s  much  less  than  tlie  distance  G  E^  it  is  evi^ 
dent  that  it  will  require  a  less  force  in  the  first  case  than  in 
the  second.  Hence,  the  sensibility  of  the  balance  is  tlie  greater, 
the  nearer  the  centre  of  gravity  is  to  the  fulcrum. 

3.  It  is  im|>ortant  tliut  the  points  of  suspensum  of  the  pans 
should  be  on  an  exact  level  trilh  the  fulcrum.     The  importance 

of  this  condition  may  be  teen, 
by  remembering  that  au  in- 
crease of  weight  in  the  pons 
is  equivalent  to  adding  just 
so  much  weight  u|)on  the 
points  of  suspension,  and 
therefore  tends  to  draw  tho 
centre  of  gravity  towards 
the  line  (Fig.  44)  connect* 
ing  tlie  two.  If  this  line 
passi^d  alKive  the  fulcrum,  as 
in  Fi;j:.  4«'),  then,  by  increaa> 
i:ig  t!io  weight  in  the  pans, 
tlie  f  »:itre  of  gravity  might 
be  bn)U.:;ht  to  coincide  with, 

or  evon  be  carried  aUive,  tlic 

• 

fuliTum,  when  the  iKilaiico 
would  become  useless.  If 
this  lino,  as  in  Fig.  4o,  pa58cd 
below  the  fulcrum,  an  increaM;  of  weight  in  the  pans  would  t4*nd 
to  draw  down  the  centre  of  gravity  :  aii«l  thus,  by  iiuTea^iing  its 
distance  fn)in  the  fulcrum,  would  diminish  the  seiiMbility  of  the 
l»alaiico.  WIkmi,  however,  the  line  pasM^s  thnuigh  the  fulcrum, 
us  ill  Fig.  4'»,  the  |ioints  of  su!«p<Mision  of  the  pans  an^  on  an  ex- 
act h*V4*l  witli  the  fulcrum,  and  an  incrcuse  of  l«Mid  alwavs  tends 

m 

to  niiM*  the  centre  of  gravity  towanls  the  fuKTiiin  in  pn)fM>rtion  to 
itM  amount ;  ho  that  a  Wfll-adjusted  balunce  tluH)n^tii\*illy  slHmld 
turn  witli  tht^  same  wri^ht,  what(*v<'r  inny  1n>  the  1«mu1  placed  upon 
it.  fnuii  tilt*  hniall«*st  to  t!i(*  lartr(*^t  of  whi«*h  its  construrtion  admits* 
Tlii*^  I  i««t  |Hiiiit  riti  U*  ^lill  furth«*r  illuMratiMl  in  the  following 
manner.     It  has  already  U*en  »hown,  that  the  weight  nxjuired  to 
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turn  the  balance,  when  unloaded,  may  bo  measured  by  tlio  force 
required  to  raise  the  centre  of  gravity  of  the  beam  and  pans 
through  a  small  arc,  G  G'  (Fig.  43)*,  when  applied  at  V.  Let  us 
suppose  that  the  pans  are  loaded  with  a  weight  of  one  kilogramme 
each.  It  is  evident,  from  what  has  been  said,  that  this  is  equiv- 
alent to  condensing  a  mass  of  matter  equal  to  one  kilogramme 
at  each  of  the  points  a  and  b.  The  centre  of  gravity  of  these 
masses  must  evidently  be  at  the  middle  of  the  line  a  fr,  that  is, 
at  the  fulcrum  of  the  balance.  Since,  then,  this  additional  weight 
is  supported  in  any  position  of  the  beam,  it  follows  that  the  weight 
required  to  turn  the  balance  is  still  measured  only  by  the  force 
required  to  raise  the  centre  of  gravity  of  the  beam  and  pans 
through  the  arc  G,  ff',  or,  to  generalize,  the  absolute  weight  re- 
quired to  turn  the  balance  is  the  same,  whatever  may  be  the  load. 
This,  however,  is  only  theoretically  true,  for  in  practice  the 
weight  required  increases  with  the  load,  in  consequence  of  the 
increased  friction  and  the  slight  bending  of  the  beam  which  it 
causes.  While,  however,  the  absolute  weight  required  to  turn  the 
balance  increases  from  these  causes  with  the  load,  the  proportion 
of  this  weight  to  the  whole  load  diminishes.  This  is  what  is 
usually  meant  by  the  sensibility  of  the  balance,  and  in  this  sense, 
evidently,  the  sensibility  increases  with  the  load. 

4.  It  is  important  that  the  friction  of  the  knife-edges  on  their 
bearings  should  be  as  slight  as  possible.  The  importance  of  this 
circumstance  is  so  evident,  that  it  does  not  require  illustration. 
It  is  secured  by  a  careful  construction  of  the  knife-edges,  and  by 
making  the  beam  as  light  as  is  consistent  with  rigidity. 

In  endeavoring  to  combine  those  conditions,  the  balance-maker 
meets  with  many  practical  obstacles.  If  he  endeavors  to  increase 
the  sensibility  of  his  balance  by  diminishing  the  weight  of  the 
beam,  he  soon  finds  that  he  loses  as  much  as  he  gains,  by  the  in- 
creased flexure.  If,  again,  he  attempts  to  increase  the  sensibility 
by  lengthening  the  beam,  he  soon  comes  to  a  limit,  beyond  which 
the  increased  leverage  is  more  than  compensated  by  the  increased 
friction  due  to  the  necessarily  increased  weight  of  the  beam. 
Nevertheless,  by  carefully  attending  to  the  necessary  conditions, 
Wlances  may  be  constructed  with  a  remarkable  degree  of  sensi- 
l»ilitv.  Thev  have  been  made  so  delicate,  that,  when  loaded  with 
ten  kilogrammes,  they  will  turn  with  one  milligramme,  that  is, 
witli  one  ten-millionth  of  the  load. 
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PROBLEMS. 

Centre  of  Gnxvtty. 

51.  Two  nuiMes  of  matter  ore  immovablj  united,  j4  ■»  14  aniu  of 
ma»is  and  ^  ■»  10  unitA  of  mass.  What  is  the  position  of  their  coaimon 
centre  of  gravity  ? 

«'>2.  A  niiiM  of  matter,  ^,  ■»  15  unitd  of  mass,  is  immovablj  united  to 
a  second  ma«(is  /i  It  is  found  by  experiment  tliat  the  common  centre  of 
gravity  of  the  two  masses  is  nearest  to  A^  and  divides  the  line  cunnerting 
the  miijises  into  two  |>arts,  which  are  to  each  other  as  2  is  to  3.  What 
is  the  muKsof  Bl 

Tnieneitff  of  the  EartfCi  Attraetion. 

In  theM  problemii,  tho  inulciit  u  expected  to  iiM  the  Taloei  of  g  giTen  in  tbs  Cable 
00  psp'  "6. 

53.  What  in  the  inten}*ity  of  the  enrtli's  attraction,  at  Pariis  on  a  ImmIt 
whoM*  ma^H  in  c^quul  to  25  units  of  ma-  s  ?  What  is  the  intensity  of  the 
fon*e  of  gravity,  at  Pariis  on  bodies  whoae  masses  are  res|>ectively  2<^  G<), 
720,  4:K0,  and  510  units  of  mass? 

54.  Wliot  is  the  intensity  of  the  earth's  attraction,  at  Paris,  on  a  body 
whose  muss  is  equal  to  0.1019  unit  ? 

PendvlutH. 

55.  What  in  the  time  of  vibration,  at  Paris,  of  a  pendulum  which  is 
O.l^lK'V.U  nit'tn'  long?  Wliut  are  the  tinifs  of  vibration  of  |H'iiduluin4 
whirh  iin»  n*i»jMH'tively  twicv,  threi*  times,  four  tim(*s  fi\e  times  and  ninr 
tini(*s  tliJH  Iviigth  ?  llie  amplittide  in  ea<'h  com!  is  sup|Mj(M*d  to  be  iufi- 
nitrly  hniatl,  and  the  |H*n<lulum  to  os4*illate  in  a  vannim. 

5<>.  If  the  amplitude  of  tht*  o<4i'iHalion  of  the  |M*ndulum  of  the  last  ex- 
ample \i*  1*%  how  nui«*h  would  the  duration  of  an  OM'illation  be  incn^ased? 
Sol\e  the  hHUit*  pniblrin  for  amplitudes  of  1",  2^  4%  and  5\ 

57.  If  tli«*  |m-ih1uIiiiii  of  a  el<H-k,  U^ating  scomdn  at  Paris  w«*n!  It-ngth- 
eni-d  bv  «*\|i4iiioion  oih*  tcn-tliouMUidth  of  its  length,  how  many  MHMMid^ 
W(»tild  it  1<»««'  t-:ii*h  (lav  ? 

.'•'<.  If  a  rliwk,  kt'cping  jM-rf«*«i  time  at  Paris  were  carri«'il  to  SpitjtlnT- 
p'li,  linw  nuirli  wiiiiM  it  piiii  each  day,  on  tin*  hUp|M»<»iii(in  that  all  th«* 
cHiii<liiiiiii-.  Hitli  tli«'  cxctptinn  of  tin*  iiil«*n*>ity  of  gr:i\iiv.  n'niaini.il  tin* 
Mim*' ?      llow  iiiucli  \M>tilil  it  \**^*'  if  (Nirrifil  to  tin*  rquaior  ? 

5'.*.  A  {mikIiiIiiiii  oil  til*'  «<|iiator,  o.'.**.m»*j:U  nirtn*  Itiii*:,  was  found  to 
4»«rillati*  ill  oiu*  M«i*oiifl.     What  \^  tlit*  inii'n^ity  of  gravity  't 

t'l^i.  A  |M'iidulum  at  Pari^  om*  ni«Mn*  long  wa^  found  to  OM*illate  in 
l.(N»:»i)|  •>f-iiinil4.     What  wiiH  tlif  iiiti*n*ity  «if  gravity? 

•*>!.  A  )H  ikIiiIuiu  at  Pan4  fmir  nii-tn'^  long  wa<«  found  to  oociUate  iu 
2.(MM}4in  M'(tiii«U.     Wliut  nias  the  iiiten.*>ity  of  gravity? 
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62.  What  is  the  intensity  of  gravity  at  the  latitude  of  42"*  2V?  What 
is  the  length  of  the  seconds  pendulum  at  this  latitude  ? 

63.  What  is  the  intensity  of  gravity,  and  what  the  length  of  the  sec- 
onds pendulum,  on  the  following  parallels  of  latitude,  viz.  15**,  22^,  56**, 
and  74**  ? 

64.  What  is  the  intensity  of  the  centrifugal  force  on  the  parallels  of 
latitude  of  5*,  20^,  30",  50**,  and  70"  ?  What  is  the  absolute  intensity  of 
gravity  on  these  parallels  ? 

65.  What  is  the  intensity  of  gravity  at  the  summit  of  Mt.  Washington, 
New  Hampshire  ?  Latitude  of  Mt.  Washington,  44"  15'.  Height  of 
summit  above  the  sea-level,  2,027  metres. 

66.  T^Tiat  is  the  intensity  of  gravity  at  the  summit  of  Mt.  Blanc  ?  Lat- 
itude of  Mt.  Blanc,  45"  50'.  Height  of  summit  above  the  sea-level, 
4,814  metres. 

Weight. 

67.  What  is  the  weight  of  a  body  containing  10  units  of  mass  at  Paris  ? 
What  is  the  weight  of  the  same  body  at  Boston  ?  The  latitude  of  Boston 
i3  42"  21'. 

68.  What  is  the  weight  of  a  body  containing  500  units  of  mass,  ^  the 
equator  and  at  the  poles  ? 

69.  What  is  the  specific  weight  of  iron  at  Paris  ?  What  are  the  spe- 
cific weights  of  lead,  tin,  mercury,  sulphur,  sodium,  and  litliium,  at  Paris  ? 
and  also  at  Boston  ? 

3fas$, 

70.  What  is  the  mass  of  100  kilogrammes  of  iron  ?  What  arc  tlio 
masses  of  50  grammes  of  sulphur,  of  40  grammes  of  mercury,  of  90  kilo- 
grammes of  granite,  when  the  value  of  g  is  9.810  ? 

71.  WTiat  is  the  moss  of  75  kilogrammes  of  ice,  of  20  kilogrammes  of 
common  salt,  of  50  grammes  of  air,  when  g  ■=»  9.810  ? 

72.  AVhat  is  the  mass  of  a  cubic  decimetre  of  lead  ?  What  is  tlie  mass 
of  a  cubic  decimetre  of  ice  ?     Sp.  Gr.  of  Ice  =  0.930. 

73.  What  is  the  mass  of  1,000  cubic  metres  of  atmospheric  air  ?  What 
that  of  the  same  volume  of  hydrogen  gas  ? 

Density, 

74.  What  is  the  density  of  hammered  copper  ?  Wliat  is  the  density 
of  the  following  substances,  —  lead,  tin,  mercury,  sulphur,  sodium,  and 
lithium  ?  Calculate  the  density  from  the  Sp,  W,  as  obtained  by  solving 
the  69th  example,  or  else  from  the  Sp,  Gr,  given  in  the  Table  at  the  end 
of  this   volume. 

75.  What  is  the  density  of  air,  of  oxygen,  of  hydrogen,  and  of  nitrogen. 
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at  the  trmporaturc  of  0*  C.  and  under  a  pressure  of  7C  cm.?  The 
relntivc  weight  of  one  cubic  dc*cinietrc  of  these  gases  will  be  found  in 
Table  II.  at  the  end  of  this   volume. 

Relative  Weight 

7G.  The  absolute  weight  of  a  body  at  l*aris  is  500  gram.  AVhal  is  its 
relative  weight  ? 

77,  Tlie  relative  weijrht  of  a  IkkIv  at  New  Orleans  is  4«'>0  gram.  AVbat 
is  itM  al»olute  weight  at  the  »amc  phice  ?  The  latitude  of  New  ()rk*ans 
is  21>'  bV. 

7H.  Tlie  relative  wei;;ht  of  a  body  at  Paris  is  1,250  gram.  What  is  its 
absolute  weight  at  lk>ston  ? 

79.  The  n-hitive  weip^ht  of  a  ImkIv  i.-^  12,.K>0  gram.  Wliat  is  its  al>M>late 
wei;;ht  at  Quito?  The  latitude  of  Quito  is  0**  lu'.o,  and  its  elevatioo 
above  the  sea-li»vel  is  2,0(W  metres. 

80.  The  n*lative  weight  of  a  IkmIj  is  5,4.>0  gram.  AVIuU  is  its  mass? 
Find  al?*o  the  masses  of  the  bodies  who:«c  weights  are  rei^pecti%'elj  5G0 
gram.,  4,1U5  grain.,  and  54  K)  gram. 

81.  The  n*lative  weight  of  a  body  is  5.255  gram.,  its  volume  is  500  cTm.* 
W)ia4  is  its  ma<s  ?  what  is  its  density  ?  and  what  is  its  s|Mvific  gm\  ity  ? 

82.  The  hiKfific  gravity  of  a  XnAy  is  7.24H,  and  its  volume  500  5751* 
What  is  its  <h'nsity,  ma.<*s,  and  weight  ? 

83.  Tlie  ma<M  of  an  iron  cannon  is  5,000  units,  and  its  specific  grarit  j 
7.2 18.     Wlial  is  its  volume  and  den^^itv  ? 

84.  Tlie  ii|n»cific  gravity  of  a  giis  referred  to  water  is  0.00143028,  and 
its  volume  5(K)  itT*     What  is  its  d<'nj»ity,  mit>s,  and  weight  ? 

85.  What  is  the  h))cciiic  weight,  the  mass,  and  the  density  of  500c7ni.' 
of  merrur^'? 

Vnit  of  Force , 

8r,.  A  Uxly  h:i\ing  a  density  of  2  units  and  a  volume  of  l,OiM>  c.~iii.* 
ar(|uin*s,  untU'r  the  influence  of  a  given  fonM>,  nn  lu^ct^leration  of  8  c  m. 
eiM'li  M'ffHid.      What  is  the  intensitv  of  the  ton*e  ? 

* 

h7.  A  ImmIv  wIuiho  weight  is  1<K)  kilognunmvs  artpiires  an  accelermiioo 
of  H  in.  fmh  M»<'ond.      WIml  i^*  the  intrnsiiv  of  the  force? 

h.H.  A  Unly  ulio*«»  h|MTifie  gravity  is  2  and  wh<»*c  volume  is  5<»m.*  ac- 
f}uin-s  an  ueo'lcniliim  of  10  ni.  i  iu*h  hccond.  Wluit  is  the  itUeii>iiy  uf 
the  fonii*  f 

8'.>.  (hi  a  Uidy  w««i;rliing  10<»  kilogrammes  a  fon^e  €»f  15  kiloprammrs 
is  nin«lnnlly  netinj;.      What  ae«i*h'nili<m  diM*s  it  inifiart  to  the  ImmIv  ? 

iHi.  To  a  ImmIv  vkho^*  \oliitii«*  i-4|iialH  IM  m.^  n  fon^^of  3(K)  kikignimmrt 
im|»itn^  a  constant  aiYiteratiuu  of  10  m.  What  is  the  dcn>ity  of  the 
boilv  ? 
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ACCIDENTAL  PROPERTIES  OP  MATTER. 

(74.)  Divisibility,  —  We  have  now  considered  the  first  four 
of  the  general  properties  of  matter  enumerated  in  (7).  All 
of  these,  with  tlie  exception  of  weighty  are  essential  prop^tieSj 
and  are  necessarily  associated  with  the  very  idea  of  matter. 
The  four  general  properties  which  remain  to  be  studied  do  not 
seem  to  be  so  essential,  for  we  can  conceive  of  a  kind  of  matter 
which  should  not  possess  them.  This  is  true,  for  example,  of 
divisibility.  We  can  easily  conceive  of  a  kind  of  matter  so  hard 
as  to  be  physically  indivisible,  although  no  such  matter  is  known 
to  exist.  In  fact,  all  kinds  of  matter,  even  the  hardest,  can  be 
subdivided,  and,  so  far  as  we  know,  indefinitely  ;  the  only  limit 
to  our  power  of  subdivision  being  that  fixed  by  the  imperfection 
of  our  senses. 

The  extent  to  which,  in  some  cases,  the  subdivision  may  be 
carried  is  almost  incredible.     The  goldbeater  can  hammer  out  a 
single  gramme  of  gold  until  it  covers  a  surface  of  4,364  cTm?,  when 
the  gold-leaf  is  so  thin,  that  fifteen  hundred  such  leaves  placed 
upon  one  another  would  not  equal  in  thickness  a  single  leaf  of  ordi- 
nary writing-paper.     The  surface  of  gold  on  the  gilt  wire  used  in 
embroidery  is  much  thinner  even  than  this.     It  has  been  calcu- 
lated that  its  thickness  does  not  exceed  one  tcn-milliontli  of  a 
centimetre  ;  and  if  so,  with  the  aid  of  the  microscope  magnifying 
five  hundred  diameters,  a  particle  of  gold  can  be  distinguished 
\ipon  it  not  weighing  more  than  one  forty-two-million-millionth 
of  a  gramme. 

The  organic  kingdom  presents  us  with  examples  of  the  subdi- 
Tision  of  matter  which  are  still  more  remarkable.  The  micro- 
scope has  proved  the  existence  of  animals  which  are  as  minute  as 
the  particle  of  gold  mentioned  above,  and  yet  each  of  these  crea- 
tures is  composed  of  organs  of  locomotion  and  nutrition,  like 
the  larger  animals.  The  finest  human  hair  is  about  one  two- 
hundred-and-fortieth  of  a  centimetre  in  diameter.  This  is  gen- 
erally considered  very  fine ;  but  the  hair  is  a  massive  cable  in 
comparison  with  many  animal  fibres.  The  spider's  thread  is  in 
some  instances  not  more  than  one  twelve-thousandth  of  a  cen- 
timetre in  diameter,  and  yet  each  of  these  threads  is  formed 
hjT  the  union  of  from  four  to  six  thousand  fibrils.  It  has  been 
calculated  that  one  gramme  of  this  thread  would  reach  about 
fifty  miles. 

10 
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Science  has  not  sticcecded  in  discovering  a  limit  to  the  divisi- 
bility of  any  one  kind  of  matter.  Nevertheless,  tlio  opinion  lias 
been  maintained,  and  is  still  held  by  many  scientific  men,  tliat 
matter  is  not  indefinitely  divisible,  and  that  all  bodies  are  made 
up  of  an  exceedingly  large  number  of  absolutely  luird,  and  lience 
indivisible  particles,  called  atoms.  According  to  the  atomic  ike-- 
ory^  as  this  hypothesis  is  called,  the  ultimate  particles  of  matter 
are  indestructible  and  unchangeable,  and  hence  all  pliysical  and 
chemical  phenomena  are  caused  by  changes  in  their  relative  post- 
tion  or  grouping. 

As  these  atoms  are  sup|)osed  to  l)e  far  smaller  than  the  minut- 
est portions  of  matter  which  wc  can  distinguish  witli  tlie  micro> 
sco]»e,  they  are  l>eyond  the  limits  of  direct  olwcrvation,  and  their 
existence  is  therefore  a  matter  of  inference  from  physical  and 
chemical  phenomena.  It  is  not  necessary,  however,  in  order  to 
explain  these  phenomena,  to  sup|)Ose  that  these  atoms  have  any 
absolute  size.  Wc  may,  with  Newton,  regard  them  as  infinitely 
small,  that  is,  as  mere  ]K)ints,  or,  as  Ik>scovisch  called  them,  va- 
risible  centres  of  attnictive  and  repulsive  forces ;  and  all  tlie  |4ie- 
noniona  can  l>e  as  fully  explained  on  this  supposition  as  on  the 
other.  According  to  this  view,  matter  is  purely  a  manifestation 
of  force,  and  only  continues  to  exist  thnmgh  tlie  constant  action 
of  tiiat  Infinite  Will  with  whom  all  force  originates.  As  it  will 
l>e  constantly  necessary  to  refer  to  tliese  centres  of  attractive 
and  repulsive  forces  in  matter,  we  will,  for  convenience,  toriii  t!ie 
minute  |M>rtions  of  matter  in  which  they  may  l)0  supiMMsed  to  re- 
side molfculvs^  and  tlic  forces  tiu*ni.M»lyes  nioiccular  forces, 

(7'>. )  Porosity,  —  Tiie  interstices  I ►ctwe«rn  tiie  different  parts 
of  l>o<lies  are  calliMl  jnyrcs.  The  visible  cavities  of  the  s|MMigo, 
for  example,  are  |>ores  of  a  largo  hizo  ;  tiie  meshes,  of  which  its 
tissues  consist,  an*  i>ores  of  a  huialler  hize  ;  but  in  a«idition  to 
these,  there  an?  pon's  U.'tween  the  fibres  of  the  s|)onge  themselves, 
although  they  are  so  minute  that  they  cannot  1k3  mhmi.  In  like 
manner,  a  thin  slice  of  tho  hard<*st  wchnI,  examined  under  the 
nncn»sc«)pe,  is  f«Min»i  t'»  be  full  of  |n)n\s  (s<?e  Figs.  47,  4S)  ;  and 
the  same  is  true,  t.»  a  ^^rratiT  or  l«>s  di'grce,  of  all  organic  frtnic- 
ture«,  as  wril  a>  of  the  tissues  whieh  are  manufactured  with 
animal  or  vrpretabjo  film's.  The  |Hin»>ity  of  ruch  sulnitances  is 
well  illustrated  l»y  liio  ppKVss  of  filtering.  The  filters  which  are 
u>cd  in  the  arts  and  in  chemicul  cx])eriment$  are  simply  porous 
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bodies,  whose  pores  are   lai^   enoiigli  to  alloT  fluids  to  pass 

llirough  them,  but,  on  the  other  liaiid,  small  enough  to  arrest 

the  solid  particles,  which  they  liold  in 
suspension.  Tlie  simplest  and  raoit 
useful  form  of  a  lilter  is  a  coiio  of 
porous  paper  supported  in  a  glass 
funnel. 

The  porosity  of  organic  Fubstauces 
nay  also  be  illustrated  by  the  appo'- 
ratuB  represented  in  Fig.  49,  -It  coii- 
sists  of  a  gloss  tube,  A,  closed   from 

a)>ovo   by  a   plug  of   hard  wood   cut 

traiisTCrsely  to  its  fibres,  or  by  a  piece 

of  chamois  skin,  as  is  represented  at  o. 

The  whole  is  Eurmouuted  by  a  tiinnel- 

sltapcd  cup,  which  may  be  filled  with 

mercury.     On  exhausting  the  tube  by 

means  of  an  air-pump,  tite  pressure  of 

air  on   the   surface   of    the    mercury 

forces  it  tbrougii  tlic  pores  of  tlic 

phragm,  fo  that  it   fulls   in   Bbowera 

through  the  tube. 
A   lump   of   chalk   plunged    imdcr 

water,  and  placed  iindcr  the  receiver 

of  an  air-pump,  will,  on  withdrawing 

tlio  air,  expel  a  torrent  of  air-bubbles,  which  had  been  concealed 
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ill  the  iiitonial  pores  of  tho  stono.  The  same  is  Iruo  of  nuuijr 
other  Tiirieties  of  stono.  There  is  a  kind  of  agate,  called  hydro* 
phaiie,  wliich  in  its  ordinary  state  is  only  scmi-traiisparouU  hut 
after  Iniing  plunged  in  water  takes  up  about  one  sixth  of  its  bulk 
of  that  fluid,  and  l>ecomes  nearly  as  transparent  as  glass.  Tlie 
porosity  of  metals  was  proved  by  tho  Academicians  of  Florence 
in  the  year  ir>(]l.  They  filled  a  hollow  ball  of  gold  witli  water, 
and  submitted  it  to  great  pressure,  by  which  the  liquid  was 
made  to  ooze  through  the  |)ores  of  tho  metal.  Tlie  same  exper- 
iment has  since  been  re|X)ated  on  different  metals,  and  with  like 
success. 

The  porosity  of  gases  and  liquids  is  proved  by  their  power  of 
penetrating  each  other  witliout  a  corresponding  change  of  rol- 
uine.  This  is  illustrated  by  an  ex|>eriment  devised  by  Reau- 
mur, lie  filled  a  long  tul)e  closed  at  one  end,  half  witli  wafer 
and  tho  remainder  with  alcohol.  Having  carefully  closed  tlie 
mouth  of  tho  tube,  lie  inverted  it  in  order  to  mix  the  two 
liquids,  when  ho  found  that  a  contraction  of  the  liquids  took 
place. 

Another  experiment,  illustrating  the  same  property  in  regard 
to  gases,  is  the  following.  A  gl«>l>e  containing  air  is  so  arranged 
that  small  quantities  of  liquids  can  be  introduced  into  it  without 
allowing  the  air  to  esca|>e.  If,  now,  a  few  dro|)s  of  alcoliol  are 
made  to  enter  the  glol)e,  this  alcohol  will  eva|)orato  to  as  great  an 
extent  as  if  the  glul>e  were  empty,  aii<l  the  s|>ace,  which  before 
contained  only  air,  will  now  contain  lioth  air  and  alcohol  vapor. 
If,  next,  some  ether  is  forced  into  the  glol^e,  this  liquid  will  also 
eva|>(>rat(\  and  exactly  as  much  ether  va|H)r  will  be  formed  as  if 
the  gioU:  had  contained  previously  neither  air  nor  alcohol  vapor« 
and  we  shall  then  have  the  s|»aco  occupied  simultaneously  by 
air«  nlrohol  vapor,  and  ether  va|M)r.  In  like  manner,  we  may  iu- 
tHMiuce  any  nuini^er  of  volatile  liquids  into  the  glolie,  and  yet,  so 
far  as  we  know,  each  of  these  will  eva|K)rato  to  tho  same  extent 
as  if  the  glolie  won;  entirely  empty,  provided  only  that  these  sub- 
stances do  not  act  chemicallvon  each  other.  We  mav  thus  have, 
as  the  n^sult  of  .•«|>ontane<^uH  eva|H>ration,  twenty  or  thirty  diflfor> 
ent  va|M)rs,  all  existing  simultaneously  in  the  same  space. 

Ry  the  e\|MTinients  which  have  l>een  cited,  the  |K)rosity  of  most 
8ul>5tances  can  l»e  a)»un<lantly  proved.  The  ]»orosity  of  glass, 
however,  and  of  many  otlicr  substances,  does  not  admit  of  such 
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"proof;  yet  in  these  substances  the  porosity  is  rendered  q^uito  evi- 
dent by  the  changes  of  bulk  which  they  undergo  under  the  in- 
fluence of  heat  and  cold. 

We  make  an  obvious  distinction  between  the  large  pores,  which 
exist  especially  in  organized  bodies,  and  the  intermolecular  spa- 
ces- The  first 'arise  from  the  want  of  continuity  of  the  matter, 
and  may  be  regarded  in  a  measure  as  accidental,  varying  with 
the  structure  and  organization  of  the  body.  They  are  frequently 
visible  to  the  naked  eye,  or  at  least  become  evident  with  the  aid 
of  the  microscope.  The  last  are  the  exceedingly  minute  and  in- 
visible spaces  which  exist  between  the  violecules  of  matter.  Those 
philosophers  who  have  admitted  the  existence  of  atoms,  have  gen- 
erally concurred  in  the  belief  that  the  atoms  even  of  the  densest 
solids  are  very  much  smaller  than  the  spaces  which  separate 
them.  Sir  John  Herschel  asks  why  the  atoms  of  a  solid  may  not 
be  imagined  to  be  as  thinly  distributed  througli  the  space  it  oc- 
cupies, as  the  stars  that  compose  a  nebula  ;  and  compares  a  ray 
of  light  penetrating  glass  to  a  bird  threading  the  mazes  of  a 
forest. 

(76.)   Compressibility  and  Expansibility.  —  The  property  of 
porosity  necessarily  implies  that  of  compressibility  and  expansi- 
bility.    According  to  the  atomic  theory,  any  body  is  capable  of 
an  indefinite  expansion,  because  we  may  conceive  of  the  ditr- 
tance  between   the  atoms  as  being   indefinitely  increased.     It 
c?ould  only,  however,  Ix)  compressed  till  the  atoms  come  in  con- 
tact.    According  to  the  other  theory  of  the  constitution  of  mat- 
ter, advanced  in  (74),  a   body  is   capable  of  being  both  con- 
tracted and  expanded   indefinitely.     These  changes  of  volume 
are  most  readily  effected  ])y  tiie  action  of  heat,  and,  so  far  as  we 
know,  all  bodies  may  be  indefinitely  expanded  by  heat  and  con- 
tracted by  cold.     These  effects  of  heat  will  be  considered   at 
length  in  Chapter  IV.,  and  we  shall  therefore  only  allude  in  this 
place  to  a  few  examples  of  compression  produced  by  mechanical 
means. 

Pieces  of  oak,  ash,  or  elm,  plunged  into  the  sea  to  the  depth 
of  2,000  metres,  and  drawn  up  after  two  or  three  hours,  have 
l>cen  found  to  contain  four  fifths  of  their  weight  of  water,  and  to 
acquire  such  an  increase  of  density  as  to  indicate  the  contraction 
of  the  wood  into  about  half  its  previous  volume.  ?ome  of  the 
metals  have  their  bulk  permanently  diminished  by  hammering ; 
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wtd  so  also  in  tlic  procetn  of  coining,  tho  volume  of  tbe  meUl  u 
8cnsil>l}'  diniiiiislictl  l>y  the  pressure  to  vliicli  it  is  submitted  uuder 
tlic  die.  Tlic  Btono  columns  of  buildings,  ftlso,  when  tliejr  >u^ 
tain  great  wciglilB,  are  frequently  very  sensibly  sbortenod.  This 
was  tlie  case  with  tbe  columns  which  support  tlie  dome  of  tlie 
Pantbeon  at  Puris. 

It  was  long  supposed  that  liquids  were  incompressiblo ;  but 
tbcy  are  now  kuown  to  be  comprcsxible,  altliougli  only  to  »  sliglit 
degree.  Tho  compressibility  of  Uqiiids 
may  t>o  ilhistrated  by  the  apparatus  rep- 
rci«nted  in  Fig.  50.  It  cousiats  of  • 
very  thick  cylindrical  vessel  of  glaas, 
eight  or  nine  centimetres  in  diameter, 
which  is  closed  at  tho  bottom  and  sup- 
ported on  a  basement  of  wood.  To  Uie 
tup  is  cemented  a  brass  cap,  into  which 
screws  a  copper  (ilate,  which,  when  in  its 
place,  completely  closes  tlie  cylinder ; 
but  which  can  be  unscrewed  at  pleas- 
ure, in  order  to  rcmoro  and  rcpUco  Ute 
tu1>e8  A  arid  B  within  the  cylinder.  To 
this  plate  are  ada|ited  tite  tunnel  R,  for 
introducing  water  into  the  cylinder,  and 
a  cylinder  with  a  piston  for  exerting 
pn-ssure,  which  can  bo  moved  by  tlio 
Krew  P.  Within  the  ap|»aralus  is  tlie 
elongated  gla.'is  bull*  ^4,  which  is  filled 
with  the  licpiid  on  which  the  experiment 
U  to  tw  made.  This  bulb  o|m>iis  into  a 
)H>iit  capillary  glass  tul>o.  wItoM  open 
end  i»  phinip-il  in  the  nicrenry  which  covers  the  Uittom  of  Uw 
vi-<>M>l.  At  lh<'  fiili!  of  lhi'4  ap(Kira(ui  in  a  manomi'ter  tube,  £, 
which  indiiMl><!>,  in  a  way  which  will  Ik;  bercalWr  described,  tlM 
ninoniit  cif  jin'ssiif'. 

In  u-iris  ill'-  apjmmtn*.  the  bulb  A  is  fip^t  fill-'d  with  tho  liquid 
t<i  if  (iiiiipn-:>!u>d.  This  i>  ihi'u  »up]iort>-d.  as  n>pruwnted  in  tl*c 
fii:un?.  ill  ihi>  inl'-rior  nf  i\w  cylindiT,  with  the  (tften  end  of  t!M 
tulH'  (li|>|iitii;  uiid.T  tin;  mercury.  The  cylinder  is  now  filhrd 
with  wjit.-r.  and  th.;  jin'^swro  nppliod  l.y  tnniing  the  screw  P. 
Tliu  mercury  will  (hen  be  teen  to  rise  in  llio  capillary  tube,  iudi- 
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eating  a  compression  of  the  fluid  contained  in  the  bulb.  In 
order  to  measure  the  amount  of  compression,  the  capillary  tube 
is  graduated  into  parts  of  equal  capacity,  each  of  which  bears  a 
known  relation  to  the  capacity  of  the  bulb.  The  total  amount 
of  compression,  however,  which  we  can  thus  produce,  amounts 
only  to  a  few  millionths  of  the  original  volume. 

The  compressibility  of  gases  is  far  greater  than  that  of  either 
of  the  other  conditions  of  matter.    If  we  take  a  glass  cylinder 
closed  at  one  end,  Fig.  51,  and  insert  into 
it  an  accurately-fitting  piston,  it  will  be 
found  impossible  to  force  the  piston  into 
the  tube,  if  it  be  full  of  water ;  but  if  full 
of  air,  the  force  of  the  arm  is  sufficient  to 
drive  the  piston  down  so  as  to  reduce  the 
volume  of  air  ten  or  twenty  times,  if  the 
piston  is  small.    We  feel   the  resistance 
increase  in  proportion  to  the  compression  ; 
but,  whatever  may  be  the  force  exerted, 
^e  cannot  make  the  piston  touch  the  bot- 
tom of  the  tube.    The  compressibility  of 
many  gases  is  also  limited  by  the  fact  that 
they  are  reduced  by  great  pressure  to  a 
liquid  state. 

(77.)  Elasticily.  —  The  property  which 
all  bodies  possess  to  a  certain  extent,  of 
resuming  their  original  form  or  volume 
when  the  force  which  altered  this  form  or 
volume  ceases  to  act,  is  called  elasticity. 
This  property  is  the  manifestation  of  a  ten- 
dency which  the  particles  of  bodies  possess,  to  maintain  a  certain 
distance  or  position  with  regard  to  each  other,  and  to  resume  that 
distance  or  position  when  they  have  been  disturbed.  The  phe- 
nomena of  elasticity  may  be  developed  in  solids  by  compression^ 
by  tension^  hy  flexure j  or  by  torsion.  In  fluids,  however,  elasticity 
can  be  developed  only  by  compression,  and  it  is  only  this  form 
of  elasticity,  therefore,  which  can  be  regarded  as  a  general  proj)- 
ertv  of  matter. 

All  fluids,  both  liquid  and  gaseous,  arc  perfectly  elastic ;  and 
this  elasticity  is  unlimited  in  extent,  since  they  resume  exactly 
their  original  volume  as  soon  as  the  pressure  by  which  this  was 
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diminished  is  removed,  however  long  it  maj  have  bocu   ap- 
plied. 

Gases  tend  to  expand  indefinitely,  and,  other  circumstances 
being  equal,  a  definite  volume  always  correfs]>ond8  to  a  givou 
pressure.  If  the  pressure  is  increased,  the  volume  dimini»hc9, 
and  if  the  pressure  is  diminished,  the  volume  increases,  llencc, 
gases  are  fretjuently  called  permanently  elastic  fluids. 

The  elasticity  of  solids  is  not  (wrfect  and  unlimited,  like  that 
of  fluids.  In  some  solids,  such  as  glass,  it  appears  to  be  perfect ; 
for  no  force,  however  great  or  long  continued,  will  cause  glass  to 
take  a  set^  as  it  is  called,  that  is,  will  cause  a  permanent  cliange 
either  in  form  or  bulk.  But  then  this  elasticity  is  confined  within 
very  narrow  limits ;  for  if  the  displacement  of  the  particles  ex- 
ceeds a  very  small  amount,  tlie  body  is  crushed.'  In  other  solids, 
as  in  India-rubber  or  the  metals,  the  elasticity  is  less  limited; 
but  in  these,  if  the  compressing  force  exceeds  a  certain  amount, 
or  is  continued  lieyond  a  limited  time,  there  remains  a  permanent 
change  of  form  or  bulk.  Within  these  limits,  however,  which 
differ  very  greatly  in  different  substances,  all  solids  appear  to 
l)e  (lerfectly  elastic.  It  is  in  the  limit  of  elasticity  tliat  we  find 
the  great  differences  between  bodies.  Thus,  a  ball  of  steel  or  of 
ivory  will  lie  as  elastic  up  to  a  certain  point  as  a  ball  of  India> 
niiilier,  as  may  Ix)  proved  by  dropping  the  three  balls  upon  a 
hard  surface  from  the  same  height,  and  then  marking  the  heiglits 
to  which  they  reltound ;  but  while  the  elasticity  of  the  India-niblier 
extends  to  almost  any  degree,  that  of  the  others  is  very  limited. 
Even  lead  and  pi|MM:lay,  which  are  generally  considered  as  en- 
tirt'ly  devoid  of  elasticity,  show  an  elasticity  as  perfect  as  that  of 
the  best-tempered  steel,  but  within  very  narrow  limits. 
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THE  THREE   STATES   OF  MATTER. 


(78.)  Molecular  Forces.  —  The  forces  which  are  supposed  to 
emanate  from  tlie  molecules  of  matter,  and  which  we  have  termed 
molecular  forces,  are  either  attractive,  tending  to  draw  together 
the  molecules  of  a  body,  or  repulsive,  tending  to  drive  tliem  apart. 
The  three  states  of  matter  seem  to  depend  on  the  relative  inten- 
sity of  Uiese  forces.  When  the  attractive  forces  are  in  excess,  the 
molecules  of  a  body  are  held  together  more  or  less  firmly,  and  we 
have  the  solid  state.  When  the  attractive  forces  are  nearly  bal- 
anced by  the  repulsive  forces,  the  molecules  are  in  equilibrium 
and  endued  with  freedom  of  motion  among  themselves,  and  we 
have  the  liquid  state.  Finally,  when  the  repulsive  forces  are  in 
excess,  the  molecules  tend  to  recede  from  each  other,  and  we 
have  a  state  of  permanent  tension,  which  we  call  a  gas. 

In  regard  to  the  mode  of  action  of  these  molecular  forces,  we 
have  little  or  no  accurate  knowledge,  and  all  our  theories  in  re- 
gard to  them  are  inferences  from  the  phenomena  which  the 
aggregations  of  these  molecules,  the  masses  of  matter,  exhibit. 

The  attractive  forces  act  only  through  extremely  small  distances. 
Several  facts  may  be  cited  in  illustration  of  tliis.  If,  wlien  the 
flat  surfaces  of  two  hemispheres  of  lead  are  tarnished,  tliey  are 
pressed  together,  they  will  not  adhere.  If,  however,  the  super- 
ficial coating  of  oxide  is  removed  witli  a  sharp  knife,  and  tlie 
two  clean  surfaces  are  then  pressed  togctlier,  they  adhere  with 
great  force.  The  process  of  welding  iron  affords  an  illustration 
of  tlie  same  fact.  In  order  to  unite  two  bars  of  iron,  the  ends 
to  be  joined  are  first  softened,  l)y  heating  them  to  a  white  lieat  in 
a  forge,  and  then  hammered  together  on  an  anvil.  Tlie  com- 
plete union  of  the  bars  cannot  be  attained  in  this  process  unless 
the  coating  of  oxide,  which  forms  in  the  forge  on  the  heated 
surfaces,  is  dissolved  by  sprinkling  on  the  ends  of  the  bars  pow- 
dered borax,  or  some  similar  substance.  So  also  pieces  of  wax, 
dough.  India-rubber,  and  other  soft  substances,  cannot  be  made 
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to  adhoro  when  their  surfaces  are  covered  with  dust,  but  can  bo 
united  firmly  together  when  the  surfaces  are  clean.  Finallj« 
plates  of  polished  glass  have  been  known,  simpljr  from  resting  on 
each  other  in  tho  warehouse,  to  adhere  so  firmly  as  to  resist  all 
ofibrts  to  scfMirato  them,  breaking  as  readily  in  any  other  direc- 
tion as  at  tho  piano  of  junction.  The  thinnest  film  of  ti^^uc- 
paper  inter|H>sed  between  them  is  sufficient  to  prevent  any  such 
adhesion. 

The  repulsive  forces  do  not  appear  to  bo  so  inherent  in  tlte  [lar- 
ticlcs  of  matter  as  the  attractive  force.  They  seem  to  bo  duo  to 
tho  action  of  an  external  agent,  culled  keai.  This  opinion  is  su|h 
ported  by  many  facts.  The  first  effect  of  heat  on  a  solid  is  to 
expand  it,  that  is,  to  separate  the  molecules  fnnn  eachotlier;  but 
as  it  accumulates  in  the  Ixxly,  it  changes  its  condition,  first  into  the 
liquid,  and  subsequently  into  the  gaseous  state.  80  also,  when 
two  plates  of  glass  are  pressed  firmly  together,  the  minute  interval 
which  still  separates  them  is  increased  by  heating.  The  particles 
of  finely  divided  and  infusible  powders  rcfiel  each  otlier  when 
intens4*ly  heated,  and  tho  powders  roll  round  in  the  crucible  as  if 
they  were  liquid  ;  and  lastly,  when  water  is  drop|)ed  into  a  lioaled 
metullie  dish,  it  d(M;s  not  moisten  the  sides  of  tlie  dish,  but  is 
rep^lliMi  by  it  and  assumes  a  globular  form.  The  repulsion  is 
so  gnmt,  that,  if  the  dish  is  piiMrrd  witii  hoh^s,  liko  a  sieve,  the 
watiT  will  not  run  out.  Since,  tlirti,  h«Mit  evidentlv  increases  the 
repulsive  forces  iK'twiHMi  the  niol«*ciil«'s  of  inutt«T,  it  is  natural  to 
conclude  that  it  is  the  cause  of  these  forces,  and  this  liypotliesis 
is  genenilly  admitted. 

In  studyin«r  the  phenomena  of  matter  due  to  these  molecular 
fon*es,  it  will  U*  coiiveni«*nt  to  cla>s  them  under  two  heads: 
first,  thoM?  phenomena  cuummI  )»y  tho  action  of  these  forces  Ihs 
tween  homogen«H)Us  niolecnle*^,  sueh  a**  tli«i  molemiles  of  the  same 
sul^tance  ;  MH.*ondly,  th«i?M*  phenom<*iia  canM'd  by  the  aoti«m  of 
the  forces  U'tW(H*n  heien>ir«'n«*ons  nioleculi'«<,  such  as  tliose  of  dif- 
fen*nt  sub^tanee<(.  To  the  fir>t  chL*«s  lN*long  tli<M»e  plienonH*na 
which  chanictiTi/e  the  N»iid,  liquid,  and  gas<M»UH  conditions  of 
matter :  to  tli«*  s4H*ond,  the  phenomena  of  capUiariiy  (^or  adhe- 
»ion )  and  diifusion. 
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MOLECULAR  FORCES  BETWEEN  HOMOGENEOUS  MOLECULES. 

I.  Characteristic  Properties  op  Solids. 

Among  tho  cli*aractcristic  properties  of  solids,  we  shall  consider 
the  following:  —  Crystalline  Form,  Elasticity,  Resistance  to  Rup- 
ture, and  Hardness. 

Crystallography, 

(79.)  Crystalline  Form.  —  The  force  which  holds  together 
the  molecules  of  solids  is  called  cohesion;  and  the  most  ol>- 
Tious  effect  of  this  force  is  to  retain  the  molecules  in  a  fixed 
position  with  reference  to  each  other,  and  hence  to  give  to  the 
solid  a  more  or  less  permanent  form.  Almost  all  solids,  when 
they  are  formed  slowly,  under  circumstances  such  that  the 
molecules  are  free  to  arrange  themselves  in  accordance  with 
the  ten^gufiies  of  .the  molecular  forces,  assume  definite  external 
forms.  These  forms,  with  certain  limitations,  are  always  the 
same  for  the  same  substance,  but  may  differ  in  different  sub- 
stances. They  at'e,  therefore,  essential  forms,  depending  upon 
Uie  nature  of  the  substance.  Such  forms  are  called  crystals^  and 
the  processes  by  which  they  are  obtained  are  called  processes  of 
crystallization. 

The  larger  number  of  inorganic  solids  which  we  meet  with  in 
evcry-day  life,  do  not  appear  to  have  any  regularity  of  outward 
form.  Their  form  is  generally  accidental^  one  which  has  been 
given  by  art,  or  which  is  due  to  the  accidental  circumstances 
under  which  the  solid  has  been  placed.  In  some  cases,  liow- 
ever,  if  we  break  the  solid  and  examine  the  fracture,  it  will  be 
seen  that  the  solid  is  an  aggregation  of  minute  crystals  closely 
packed  together.  This  is  the  case  with  granite  and  many  other 
rocks.  Other  solids  split  readily  along  certain  planes,  called 
planes  of  cleavage.  Both  these  classes  of  bodies  are  said  to 
have  a  crystalline  structure.  In  many  cases,  however,  no  indi- 
cations of  a  crystalline  structure  can  be  seen ;  but  in  almost  all, 
tlie  solid  can  be  made  to  assume  a  regular  crystalline  form  by 
one  of  the  processes  described  in  the  next  section. 

(80.)  Processes  of  Crystallization,  —  The  conditions  of  crys- 
tallization are  freedom  of  motion  in  the  molecules  from  which 
the  solid  is  forming,  and  sufficient  t     )  for  the  molecules  to  ar- 
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range  tliemsolvos  in  ol>o(licncc  to  the  molecular  forces.  Tliese 
eontiitions  arc  generally  obtained  in  one  of  four  vara. 

T\\Q  first  consi^tsi  in  dissolving  the  solid  in  water  or  sonic  other 
solvent,  and  allowing  tlio  Ii<|uid  to  eva[Minite  slowly.  As  the  solid 
is  slowly  de|N)sited,  it  assunn*s  the  cryst;illinc  form.    Thin  nietli4»il 

« 

is  the  most  universally  applicable,  and  the  one  by  which  crystals 
are  usually  formed  in  nature.  The  W'st  metho^I  of  applying  it 
consists  in  making  a  concentrated  solution  of  the  substance  in 
water,  placing  the  solution  in  a  shallow  dish«  covering  the  di>li 
with  |M)i*ous  |»a|»er  fastened  tightly  round  the  edges  to  prcviMit 
dust  from  settling  upon  the  li<|uid,  and  heaving  it  in  a  nHNlerutoly 
warm  place  until  the  crystallization  is  complctc<l.  When  the 
substance  is  not  ^oluble  in  water,  it  can  g(*ncrally  l>o  dissolved  ill 
alcohol,  ether,  sulphide  of  carl>on,  or  mcltiMl  Uiracic  acid,  instead 
of  water.  Sulphur,  f(»r  cxuinph*,  iniiy  l>e  crystallized  from  a  so- 
lution in  sulphide  of  carUin  ;  and  alumina  may  Ik3  crystallized 
by  dissolving  it  in  melted  Uinuric  acid,  and  e.x|iosing  the  solution 
to  the  intense  heat  of  a  {MjriM^laiu  furnace.  At  this  very  bigh 
tem|MTature  the  boracic  acid  slowly  eva|M>rates.  Most  Bubstancet 
are  more  soluble  in  hot  water  than  in  cold,  and  these  can  alao  be 
crystallized  by  making  a  concentrated  hot  solution,  and  allowing 
it  to  co4>l ;  the  cxce>s  of  the  s<»lid  in  S4»lution  over  that  which  cold 
water  will  cli>solve,  is  d«'|M)sited  in  crystals.  Unless,  however, 
the  quantity  of  the  silution  is  very  considerable,  large  and  jier- 
fiH-'t  crvstals  an?  not  so  fninienllv  formed  in  this  wav  as  bv  slow 
eva|N)ratio:i.  A  small  (juantity  of  solution  C(m)Is  s4>  rapidly,  that 
suflieient  time  is  ni»t  atlnrdtMl  fur  |i«Tr<*i-t  crystallization. 

The  second  nietluNl  consi>ts  \\\  ni*'hiiitr  the  solid  in  a  crucible, 
and  allow imr  the  liouiti  to  C4m»1  verv  sloulv.  When  a  solid  crust 
forms  on  the  surfai-e,  this  is  bniken.  :nii|  the  remaining  liipiid 
turned  out,  wIh-u  the  insidt*  of  tli«*  cruei}»|«:  i>  fnund  lined  witli 

crvstals.     Sulphur  and  manv  of  the  m«'tals  mav  U;  crv>talliz«.Ml 

*  I  *  •  • 

in  this  wav. 

The  third  metlunl  consist^  in  cunvrriinir  the  <i4»lifi  inti>  va|t«>r, 
and  sul»S4*i|nently  cond<*n**inir  tli*' A:t|Nir  in  a  eiM>l  ri*e«Mver,  —  a 
prYKVss  which  \^  e;illed  suhintuition,  bNliii«\  arxMiie,  ursenious 
acid,  and  manv  other  substances,  can  l»e  crvstallizetl  bv  this 
in<'lhiMl. 

Thi»y'i*Mr//i  methiMl  ron*'i^t>  in  very  slowly  decomfioHJng  «i4Mne 
chemical  coni|N>und  containing  the  substance,  either  by  electricity 


THE  THREE  STATES  OF  MATTER. 


121 


or  by  the  action  of  Eome  chemical  agent.     The  crystals  of  metals 

formed  in  the  processes  of  cloctro-metallurgy  are  the  best  exam- 

pics  of  this  method. 

(81.)  Dr/nitions .  —  A  crystal  is  always  bounded  by  plane 

£iccfi,  and  is  tliereforo  a  polyhedron.  Tlie  faces  of  tlie  diamond 
«nd  of  some  other  crystals  arc  at  times  curved ;  but  in  such 
cases  the  apparently  curved  surface  can  generally  be  seen  to  be 
inado  up  of  a  lai^  numljcr  of  very  small  planes.  The  terms 
«f  solid  geometry  are  used,  without  change  of  meaning,  iu  crys- 
tallt^T^phy.  Thus  ve  Epcak  of  faces,  edges,  plane  angles,  intor- 
fiuriol  angles,  and  solid  angles.  The  axis  of  a  crystal  is  a  lino 
passing  througli  its  centre,  round  wliicli  two  or  moro  faces  are 
tynunetrically  arranged.  In  every  crystal,  at  least  tlireo  such 
lines  can  be  distinguislicd.  In  Figs.  £2, 53,  and  54,  the  axes  are 
indicated  by  dotted  liues. 


ng.  u.  rig.  &3 

(82.)  Systems  of  Crystals.  —  A  crystal  is  a  solid  bounded  by 
planes  arranged  symmetricaUy  round  one  or  another  of  six  sys- 
tems of  axes. 

1.  The  first  system  (Fig.  55)  is 
called  the  Monomelric  System,  and 
consists  of  three  axes,  of  equal 
length  and  at  right  angles  to  each 
other.  The  length  of  each  semi- 
axis  vc  shall  represent  in  this  work 
)>y  a,  and  the  system  of  axes  by  the 
symbol  a  :  a  :  a.  It  is  hardly  ne- 
cessary to  obsen'e,  that,  as  crystals 
may  vary  very  greatly  in  size,  the 
altsolutc  lengths  of  the  axes  must  "»■»■ 

vary  to  the  same  extent,  and  that  it  is  tlie  relative  lengths  only 
which  arc  constant. 

II 
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1 :  0.<lHi'i7.    Ill  tlio  nioiioiuetric 


2.  Tlic  second  system  (Fijr-  ■')t')  »  called  Uie  Dimetrie  Sf/aUm, 
and  coiitiiHtH,  like  tbc  lost,  of  tlirco  iucb  at  riglit  anpilos  to  each 
otliflr.  Tlio  two  axes  iii  the  lioriiontal 
piano  of  the  fii^uro  are  called  llic  latrrat 
oxen,  and  are  e^uol  to  cacli  other.  We 
shall  rcprcNeiit  tlio  length  of  eacli  tialf  of 
these  axes  by  a.  The  third  in  called  the 
verliriil  axis,  and  is  cither  lonitcror  siiort- 
er  than  the  other  two.  We  sliall  reprcncnt 
the  lengtli  of  each  half  of  this  axis  by  b. 
The  xymlKil  reprvseating  tins  system  of 
axes  is  a  '.  a  :  b.  The  ratio  between  a 
and  b  is  irrutional.  Thus,  iu  crystals  uf 
tin,  the  ratio  Iwtwecn  tlie  axes  is  a  :  fr  ^ 
bteni  there  can  t>e  hut  one  set  of 
axes  ;  but  in  tliis  systein  there  can  Ix:  as  many  sets  of  axes  as 
tlM  number  of  possible  irrational  ratios  between  a  and  i,  which 
is  of  cuurso  infinite.  The  ratio  furcrya- 
tals  of  the  same  sultslance  is  always  the 
samo;  )iut  it  dilTers  for  crystals  of  diflercnt 
sulistanecs,  no  two  sii>>bUmces  bsTuig  the 
same  ratio. 

;t.  The  third  system  (Fifr  '^T)  is  called 

the  Ilrj-nizoHiit   Sffxlim,  and  collsi^ts  of 

four  axes.     Tbrei-  of  tlii^«  are   in    tliu 

same   plane,  the  horiamlal   plane  of  the 

fi^nin-.  uiitl  are  irulhit  /ahral  uxes.    They 

an'  ■■•piul  in  lentith.  and  have  the  samu 

relaiivi-  {H>Miion  »s  the  din^mals  of  a  rvff- 

nlar  lirx:ii;<m  i  Via-  •'>>*).     The  coninion  h-iigtb  of  the  six  lialvea 

of  Ih.-M-  l:il.TLil  uM-s  »-■■  >hiill  rrpn-tnl  by  it.     The  fourlii  axis, 

called  tin!  rtrtiiiil  i\\\>.  i-  at  rinhl  ans:lvs  (o  the  otln'r  three,  and 

is  I'lib'T  nhorter  nr  longer  than  their  eomniuii 

h-iiL'ih.     Tb.'  b-i.irlh  of  .>n.-  half  of  this  axis  we 

>h:ill  r>  |>r>'-i-iil  by  b,  und  iIk'  syinliol  of  the  sy!<- 

li-in  iif  u\>'o    it  n  ^  a  :  ii  :  h.     The   rt'lation  \v 

twi'cii  n  und  /'  !-.  h»  in  the  l:i>t  sy^t•■»l.  irrali<Hial. 

Tbii^,  ill  rn^tid^  ■•r  aiiliniony.  a  :  h^\  ;  l.:Iihi.<t, 

mill   in  <Ty-i;iU  i.f  rarltonnte  of  lime  (i-alcili>), 

l:;.      Hen-,  a^  in  the  la>t  sv>tem,  the  ratio  is  cun- 
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etaut  in  crystals  of  tlie  same  substance,  but  differs  in  crystals  of 
dtfTerent  substances. 

4.  The  fourth  system  (Fig.  59)  is  called  the  Trimetric  Si/gtem, 
and  consists  of  three  axes,  all  at  right  angles  to  each  other,  but 
all  of  unequal  length.  Ono  of  these 
axes  is  selected  aa  tlio  vertical  axis,  and 
the  length  of  one  half  of  this  axis  will 
lie  represented  in  this  work  by  b.  The 
shorter  of  the  two  lateral  axes  is 
called  the  brachydiagonal,  and  its  lialf- 
length  will  be  represented  by  a.  The 
longer  is  called  the  vuikrodiagonal,  and 
its  half-length  will  bo  represented  by  c. 
The  symbol  of  this  system  of  axes  is 
a  lb  le.    The    relation   between    a,  b, 

and  e  is  irrational.  In  crystals  of  sulphur,  a  :  b  :  c  ^  1  z 
2.340  :  1.233. 

6.  TIiB  fifth  system  fFig.  60)  is  called  the  MonocHnic  ^stem, 
and  consists  of  three  unequal  axes.  The  two  lateral  axes  are  at 
right  angles  to  each  other.  Tlio  third 
axis,  called  the  vertical  axis,  is  at  right 
angles  to  one  of  the  lateral  axes,  but  is 
inclined  to  the  otlior.  The  Iciigtii  of  one 
half  of  the  vertical  axis  we  simll  repre- 
sent by  b0  The  one  of  the  lateral  a.xcs 
which  is  at^glit  angles  to  the  rcrticai 
axis  is  called  the  orUiodiagonal,  and  its 
half'length  will  bo  represented  by  a. 
The  lateral  axis  which  is  inclined  to  the 
vertical  axis  is  called  llio  kluiodiugonal,  "*  *' 

and  its  half-length  will  be  represented  by  c.  The  value  of  the 
acute  angle  which  the  vertical  axis  b  makes  with  the  klinodiiiffo- 
nal  c  will  be  represented  by  a-  The  synihol  of  tliia  tiystcm  is  the 
ratio  a  :  b  :  c,  with  the  angle  a-  For  the  crystals  of  the  same 
substance,  the  ratio  between  n,  />,  and  c,  and  the  value  of  a,  are 
constant ;  but  they  differ  in  crystals  of  different  substances.  In 
vrystalsofsulpliate  of  iron,  for  example,  a:b:  c=i  :  1.405 :1.1"!1, 
and  a  ^  76°  40',  while  in  crystals  uf  (rypsuni  a:b:r^l:  0.413 : 
O.tjyi,  and  «  =  81''20'. 

a.  The  sixth  system  (Fig.  61)  is  called  the  Tricliiiic  Si/stem, 
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Olid  condUts  of  thrco  uuoquul  axes,  nliicli  arc  all  inclined  to  each 
utiicr.  One  o(  theso  axes  is  ticlocted  m  tlic  vertical  axi*.  and  tlie 
liulf-luiigth  of  this  axis  will  tic  represent- 
ed Uy  b.  The  Imlf-lciigths  of  the  tWD 
luttTiil  axes  will  be  rcprcscntctl  by  a  and 
c.  Tlic  an^loii  uf  inclination  Iwtwm-ii  the 
axes  will  he  n>|>re!ientcd  as  foUowii :  — 

a  on  h  by  y, 
(I  on  .  by  ^, 
li  ici  r  by  a- 

Thi>  syiti)K>1  of  thin   nvhtem   in  tb<>   rihio 

a  :  h  :  r,   with   the   an)Hi's   a.  ^,  y.     In 

crystuls  of  Kiil|ihule  of  coji[«r.  a  i  b  i  r  ^ 

1  :  0.9T:lS  :  l.TCSS,  and  a  =  "i"  2l-.'.,  fi  =  77"  .17'.'..  7-  — 

73'  10.0.     Ill  cryst.ds  of   biclm>inate   of   jHitasb,   a  :  b  :  e  ^ 

1  :  O.lwstJ  :  l.TH-i,  uu-l  a  =  x-2\  fi  =  f'-i'  47  .  ;-  =  S'.f  H  ..■.. 

All  cry-tiils  whirli  have  the  sunic  iiyiitt'ni  of  axett  an*  said  to 
hcloiiff  to  |Ik>  sunic  rri/tttilHnr.  fi/tirm  :  un<l  Iiimioc  all  rry>tal'< 
may  Ik^  rlassirivd  under  nix  (Ty^la^iIll>  ^y^u■Ins,  com^^iiondiii^  to 
the  syKteniM  uf  axfx  just  dl.•^«.-ril•t■d.  TIil-  sy.»tcmn  of  crystals  hu%'v 
tlio  Banic  nnnien  O-s  tli<'  sy>ti'itis  of  itxi-s. 

(Wl,)  i'fnlrc  of  Cri/atiil.  ami  I'liniiuflrrs.  —  The  jioiMt  at 
which  the  axes  of  a  crystal  intonsuct  i>  i-ulk-d  the  entire  0/  the 
crjftttit.  # 

If  we  )^ii|))intic  ttio  axi-s  of  a  crystal  iiidi-fniili-ly  ji^lncM.  it  in 
evident  tliat  each  of  its  |ilun<"^.  if  ulso  |inHliii-od.  must  iiil<-n4'ct 
raeli  of  l\\h  axes,  citlh-r  iit  a  fiiiit>-  or  iil  tin  iiitinitc  distance  fnmi 
itx  centre.  3'liu  distances  of  ilx'  ]>oiiii-  of  iniiTH-cliou  fntoi  tin.' 
centre  :ir>'  (-:iUe<l  ib>-  /Mrumrlrrt  of  the 
I.bin.'s.  K;i.li  i.f  ih.'  [ihiiit's  of  the  crystal 
rej.resejii'-d  in  KIl'.  •'■i^.forexainple,  would, 
if  |>r>i<)ii-'''d.  iiit<-r-i-<'t  the  thnv  a\<>«i  of  tite 
iniiM<ini>-iiie  sysleni  :it  distances  fnmi  (Im* 

ceiiit pud   lo  II  :  :\n  :  W  n  t>'«(>ivlivi'ly. 

a  ii'i-n-eiKini;.  U"  st:iii-d  al>iiv<<,  the  leiitctli 

of  Hiiy  -eini-^ivis.     Thf***  h-n^lis  an-  the 

|.:irini-l'r-  of  eLuh  idam-  of  lh<>  cri-stal. 

iiralb-l  !■■  It  k'iv'-n  :i\i«,  it  may  l>e  n-trardi>*l  a« 


r^  a. 


When  a  I  ■lane 


iiiterKvtiliir  it  at  an  infinite  distance  from  the  centre,  and  hcuce 
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its  parameter  measured  on  tliis  axis  is  iiifjiiity.  The  faces  of  a 
cube,  for  example,  intersect  one  axia'of  tlie  niouometric  sys- 
tem at  the  distance  a  from  the  centre  (Fig. 
03),  and  are  parallel  to  the  other  two. 
The  parameters  of  each  face  are  tlicrcfore 
a  :  oc  a :  00  a.  So,  also,  each  of  the  faces 
of  the  dodecahedron  (Fig.  64)  intersects 
two  of  the  axes  of  the  monometric  s ystera 
at  the  distance  a  from  the  centre,  and  is 
parallel  to  the  third  axis.  Hence  the  pa-  . 
ranic'tors  of  each  face  arc  a  i  a  :  cc  a. 

It  has  already  been  stated  that  the  crys- 
tals of  a  gircn  substance  have  always  axes 
of  the  same  relative  lengths,  and  with  the 
same  relative  inclination.  It  is  also  tnie 
that  the  parametet^  of  the  planes  of  any 
crystal  of  a  given  substance  are  always 
equal,  either  to  the  lengths  of  the  semi-  "*  "* 

axes  on  which  they  are  measured,  or  else  to  some  ample  multi- 
ples or  Eubmultiplcs  of  tlieso  lengths.  Hence  it  follows,  that  the 
parameters  of  any  plane  of  a  crystal  may  always  be  expressed 
very  simply  in  terms  of  its  axes,  as  above, 

(84.)  Similar  Ayes.  —  In  any  system  of  axe x,  one  uxis  or  one 
temi-axis  is  said  to  be  similar  to  anolhrr  axis  or  to  another  semi- 
axis,  trhen  the  tiro  have  the  same  length  and  the  same  inclina- 
tions to  the  other  axes  or  semi-axes.  It  is  important  to  apply  this 
definition  to  the  dilTcrent  e^ystcms,  and  distinguish  the  similar 
axes  in  each. 

1.  In  the  nionomctnc  system,  all  the  axes  and  all  the  semi-axes 
are  similar. 

2.  In  the  dimctric  system,  the  two  lateral  axes  arc  similar,  and 
also  the  four  halves  of  these  axes  are  similar.  The  two  halves  of 
the  vertical  axis  are  also  similar  to  each  otiicr,  but  they  are  not 
similar  to  the  halves  of  the  lateral  axes. 

8,  In  the  hexagonal  system,  the  three  lateral  axes  are  similar, 
and  their  six  halves  are  also  similar.  Tlie  two  halves  of  the  ver- 
tical axis  are  also  similai'  to  each  other,  but  not  similar  to  the 
halves  of  the  lateral  axes. 

4.  In  the  trimetric  system,  all  three  axes  are  dissimilar,  but  the 
two  halves  of  each  axis  are  similar  to  each  other.     By  referring 


ISC 
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to  llic  nntation  pircii  in  tlio  previous  Bcctions,  it  vill  lie  KCn  tliat 
ill  lli(.*  rir>t  four  >ysteiti!i  ttimilur  witii-oxcs  Itavi;  in  erery  cokc  Itot'ii 
dcoipialcil  by  tlio  same  k'ttor,  an  I  tltut  the  ditiEinulKr  woii-axr* 
have  l>ccn  distinguMicd  tiy  dilTorttiit  lottcrs. 

5.  In  tliti  uioiKH-liiiiti  cystiiin,  nut  only  tlie  Uircc  uccs  arc  all 
dinimilar,  liiit  moreuvor  the  twu  halves  uf  tlic  »aine  axis  are  not 
in  all  ca»cs  tiinilnr  tu  eucli  other.  The  two  liulvcs  of  the  ortlio- 
diagunal  arc  itiinilar,  Wt  the  two  halvott  of  the  kliiiodiogonal,  al- 
ttinufih  (liey  Iihvc  the  saniu  li>nt;th,  have  not  the  oamo  iiicliuati'm 
to  any  one  half,  i^ay  the  iip]H?r  hiilf,  of  the  vortical  axis,  ami  are 
therefore  dissimilar.  The  Kunie  is  true  reci|>riM;ul)y  of  the  twu 
lialvi>!(  uf  the  vertical  axi;:.  In  tinier  to  dislingiiisli  the  dl-Mniiliir 
halves  of  these  axes,  we  will  aeeent  tlio  b  when  it  refers  tu  the 
lower  half  of  the  vi-rtifsil  axis,  and  also  aci:cnt  the  r  when  it 
ivfers  to  the  half  of  the  klinodiapinal,  which  is  ineliiied  to  b  at 
an  ohtuse  aii^ile.  Thu  nutation  of  the  nionoclinic  syxtetn  of  axe» 
is,  then,  as  follows  :  — 

(I  ^  eitlKT  lialf  of  the  orthodia^ronal. 

b  ^  the  u{>|M.T  liulfufllie  vertical  u\i». 

b  =  till'  lower  half  of  the  vertical  axi>. 

e  ^  the  half  of  tlH<klinodia(n>nal  which 
is  iiidiueil  to  b  at  an  acute  ari;;li'. 

c  =  thchiilfof  the  kliiiixliagonal  which 
i»  itii-liiieil    to  b  at   an   otitn>o 

a  =  ni>L'l.-  of  b  on  r. 

It  io  ivi.l..-iit  th:it  the  anplc  of  ft  on  c 
is  cijiial  III  ihi'  iiiii^h'  iif  h  on  r  ,  iK-ini; 
<-■',  thai  b  ami  c  tuircllicr  uru  similar  in 


vortical  aiiclos ;  and  li 
{ll>^iti(llt  ti>  b'  and  r  t<< 

li.  In  th.'  tri.liiiii'  -y- 
tlietwnhalv.-..f.M.h'i( 
On  in  the  nt<>n<><'lini>:  ^y 

rtrrt,  mritmiriit  nn  .tuml 
cully  in  di*liMi;iii-hiiiL' 
ill  any  ••\c>'|>t  ihi-  l.i-t  i 
(.y*l.-m"  th—.-  i-lati.-s 
ad'>|>i<><l  have  <-.|ird  p.ir 
li.  ih-  I >..'llhi>;  a 


LT-th.' 


ai.  all  th<>  H-nii-axcs  an!  disMmilar,  and 
.  may  l>e  ili>lin);iiished  hy  accentuation. 


—  Snn/.irp/.i 

i.n.!..r  ,,I..M.'>. 
•...>-|.-m.  of  . 

ii-    -iiiuhir  wl 


I..I  II 


i.'lii 


I'f  arr  thusf  irhotr  panim- 
•  himhI.  There  is  no  dilli- 
<y  means  of  this  definition, 
\.-*,  ^il|ee  ill  ull  iliu  (iilior 
i'h  ill  the  notation   Iicni 

Ihers. 

.■Ill-,  h.)wever,  two  |>laitei 
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arc  similar,  not  only  when  tlicy  liave  equal  parameters,  but 
also  when  the  parameters,  measured  on  the  dissimilar  lialves  of 
the  same  axes,  are  in  Iwtli  cases  oppositely  accented.  For  ex- 
ample, in  tJie  monoeliiiic  system,  two  plaiies  are  similar  whose 
parameters  are  a:  2b  :  e,  and  a:  2  b' :  c'.  In  tlio  two  symbols, 
tlie  two  halves  of  the  dissimilar  axes  are  oppositely  accented. 
On  the  otiicr  hand,  two  planes  whoso  parameters  are  a:  fib  :  e, 
and  a  :  2  b  :  c',  are  not  similar. 

Ill  tlie  trielinic  system,  since  the  six  semi-axes  are  all  dissimi- 
lar, uo  two  plaiies  are  similar,  unless  the  three  parameters  of  the 
one  are  all  accented  oppositely  to  the  three  parameters  of  the 
other.  Tims,  two  planes  are  similar  whose  parameters  are 
a  :  b  :  2  c,  and  a' :  b' :  2  c',  respectively. 

(80.)  Holohedral  Cnjitalline  Form. — 
A  holohedral  crystalline  form  is  the  vnion 
of  all  the  possible  similar  planes  which  can 
be  arranged  around  a  given  system  of  axes. 
Thus,  the  form  of  Fig.  60  is  the  nnioii  of  all 
the  possible  planes  having  the  parameters 
a  :  a  :  2  a,  which  can  be  arranged  round 
the  monomctric  system  of  axes.  So  also 
the  form  of  Fig.  67  is  tlio  nnioii  of  all 
the  possible  planes  having  the  parameters 
a  I  a  icaa  :  b,  which  can  be  arranged  round 
the  hexagonal  system  of  axes.  Both  of 
these  are  therefore  holohedral  forms. 

It  must  not,  however,  be  inferred  from 
these  examples  that  a  crystalline  form  is  al- 
ways a  crystal,  and  that  it  always  encloses 
space.     The  word  form  is  used  in  crystal- 
lography in  the  technical  sense,  as  defined  «.■««. 
above.     A  form  may  consist  of  only  two  planes.     Thus,  the  two 
basal  planes  of  tlie  hexagonal  prbm  (Fig.  68) 
are  a  crystalline  form,  because  they  are  all  the 
possible    planes,   having   the   parameters    oc  a  ; 
<K  a  :  ac  a:  b,  which  can  Im  arranged  round  the 
hexagonal  system  of  axes.     In  like  manner,  the 
six  planes  on  tlie  convex  surface  of  the  prism, 
being    all    the    planes    having    the   parameters 
a:  a:  co  a  :  co  b,  which  can  be  arranged  round 


ICB  ciiRMirAL  Fiiviiirii. 

tlic  same  frstom  of  nxos,  form  annllior  Itololicdral  rrTslolliiio 
fonu.  In  iK'iilter  caw;  clues  the  furm  eiiflws«  iijuicff.  It  rc<i<iiri.'> 
tlio  coiiil'iiiatioii  uf  tlio  two  funns  tu  ooiilpli-ti;  tlio  vrvKtul.  In  tlic 
Iricliniu  nytitoin  no  cry^tulliiio  form  run  consist  of  niorc!  Ilian  two 
jilancii:  mid  licuco  tito  i-oniKinalion  of  at  least  \\iTvt:  cr)'Ht)illiii« 
forms  is  refniircd  in  tliis  systimi  to  complclv  a  crytital. 

Tim  iiarHinoturs  of  om-  of  tim  [ilanca  arc  usol  ok  tlic  *<rnil>ol  of 
tlic  liululiL'ilnil  crmalliin;  form.  Tims,  llic  jiuramulors  [irintcd 
W-lott'  the  Ki^M.  i!i!  and  t>T  not  only  douotc  the  jiosition  of  cai'li 
{llano  uf  tlic  form  willi  n'furirnco  to  the  axes.  Imt  tlicy  arc  alito 
nwrl  as  tin-  symlxd  of  tin;  form  itsolf.  Wli.-n  a  crystal  consists 
of  twu  or  muru  crystalline  forms,  like  tlio  one  rcprt>M'nti'd  in 
Fi;;.  OS,  we  uw>  as  the  vymlNil  of  thi>  crystal  the  M:vcr:il  xymlNiN 
of  llic  crj'stalliiM;  forms  of  which  it  coriMst-*,  written  ono  aflvr 
th»  other,  or  ono  Itoiieath  the  otlior,  as  conrenienco  may  dirlato. 
Kxftniplos  of  theoc  ^ymlMd-s  mny  he  Kvn  U-ncath .  the  figiirva  of 
cry^ftals  on  this  and  the  few  following  Jiap^-s. 

(S7. )  llrmihf drill  Cr^flullinr  Form.  —  ,!  hrmihetlrul  rri/slul- 
line  form  is  the  union  of  one  hulf  of  thr  possibh  similar  plamrt, 
wkie/t  can  be  nrranf^eii  round  a  ffirrn  xi/tirm  of  axes.  The  form 
rvpresontod  in  Fig.  iJ'J  is  the  union  of  all  the  jiossihle  planer  har- 
ing  the  {uiramctcrs  a  :  a  :  a,  which  can  he  arranged  ruund  Uie 


n|. « 


-!(••:•>■ 


lotric  M'stem  of  n<t>-H,  ami  is  then'foro  a  kotokrdral  form. 
The  form  of  Fit:.  T«  i-  ih<<  onion  of  one  hulf  of  the  planes  har. 
ing  lilt!  same  i«»rain''ler-.  ami  arraiiui'd  round  lhi>  sami»  system 
of  axes.  It  is.  then-fur.-. :«  h.mih.;lr.il  form.  This  form  is  'called 
the  trtritkfdrnH.  and  it  inuy  I"'  n-ir^iriL-d  an  di-rivi'd  fn>m  the  oc- 
taheilnin.  I'V  snj>j>n—sini:  "v.-ry  oUi-r  |>l:tne  of  this  form  and  pnv 
dneinir  til'- p-t.  Heiic-.  it  i-  fn'-pii'iilly  <-all.'d  iho  licmilu'iirBl 
form  of  the  octuliedrun.     The  Ttiu  of  Fig.  10  it  ohtaiued  hy  |)ri> 
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ducing  one  Bct  of  tlie  alternate  planes  of  the  octahedron  of  Fig.  69. 
If,  now,  we  suppress  this  set  of  planes,  and  produce  tbe  other  set 
of  the  alternate  planes  of  tlie  octahedron,  we  shall  obtun  a  second 
tetrahedron ;  diflering,  howerer,  from  tlie  first  only  iu  relatire 
position.  This  form  is  said  to  be  the  negative  of  tbe  first.  We 
use,  as  the  symbol  of  a  hemihedral  form,  the  symbol  of  the  cor- 
responding holohedral  form,  preceded  by  the  fraction  j,  and  we 
distingnisli  between  the  two  hemihedral  forms  of  which  the 
liolohedral  form  may  be  supposed  to  consist,  by  means  of  tbe 
signs  plus  and  minus,  as  shown  by  the  symbols  beneath  Figs. 
TO  and  71. 

(88).  Tetartohedral  Crystalline  Forms. — A  tetartohedral  crys- 
talline form  it  the  vnion  of  one  garter  of  the  possible  similar 
planes  which  can  be  arranged  round  a  given  system  of  axes. 
Such  forms  are  met  with  among  crystals,  but  they  are  of  compar- 
atively rare  occurrence.  Tlioy  are  designated  by  writing  the 
fraction  J  before  the  symbol  of  the  corresponding  holohedral 
form. 

(89.)  Simple  and  Compound  Crystals.  —  A  crystal  is  said  to 
be  simple,  when  it  is  bounded  by  the  planes  of  one  crystalline 
form  only  ;  and  to  be  compound,  when  it  is  bounded  by  the  planes 
of  Ecreral  crj'stalline  forms.     Thus,  the  crystals  represented  by 


Figs.  72,  73,  and  74  are  simple,  because  in  each  case*  all  the 
planes  which  bound  the  crystal  liavo  the  same  parameters.  On 
the  other  hand,  the  crystals  represented  by  Figs.  75,  76,  and  77 
arc  compound  crystals,  because  there  are  two  or  more  sets  of 
planes  oo  each  crystal,  of  which  the  planes  have  different  param- 
eters. The  faces  of  the  crystals  are  lettered,  and  below  each 
crystal  the  parameters  of  eodi  set  of  planes  are  given  opposite  to 
the  corresponding  lettering. 
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Mojt  of  tlie  cryjitjil!!  wliicli  ve  iiicct  with  aro  coni|M»uiid  crys- 
tals. Iiidcvil,  in  the  niuii(N.'liiiic  aii<l  triclinic  fj'Ktcius,  wc  caiitiut 
liavtt  a  >tiiii]ilc  crrxtal,  Iwcaiise  in  (livxc  nystcms  no  single  crjs- 
tnlliiio  form  will  enclose  ••[kkc,  and  iiinijilc  crystals  are  wMom 
fuund  ill  any  tif  tlio  >ystt.>n)s,  with  iho  uxcvption  of  tlio  nion» 
mt'lric  ami  licxntrmial. 

(IH), )  DuminaHt  ami  Sfcomlnrj/  Forms.  —  ll  is  seldom  tliat 
the  fuvcM  uf  tliu  vunouit  forms  of  wliiHi  a  cunijtound  crystal 
coasistit  ant  viitally  d<'Vrl<i|H-d  ami  C'>iis|)iciiou9.  As  a  general 
nilv,  the  faces  of  one  fonu  an;  nmre  iironiinvnt  tlian  those  of  ihe 
others,  and  give  to  the  crystal  its  pMicntI  osficct.  This  Ibnn  ii 
thoii  <-iill<-d  the  i/iimhniHt  furm.  and  the  others  are  railed  iee- 
otulary  forms,  y\\i*.  7!^,  T'.>,  and  M)  rejm'M-nt  three  cotniKtund 
crytuls,  caeh  of  wluth  consists  of  faces  of  a  cube  combined  wilfa 

HllO. 


l!iii-i-<if  iin<><-i:ih(><lnm.  In  Fijt-  ">*,  the  faces  of  the  culiearodotn- 
i:i:iiii,  uinl  th>i''u  of  tin-  tHUilinlrDn  anr  secondary.  In  Fit;.  TO, 
th<-  two  t.ets  an;  (s(n;iny  d.-v.'l.>iH-d.  nnd  in  Fi;:.  M)  the  facet  of 
the  (N-iuhednin  ur>'  di<niiii:iiit.  In  writintr  the  syniLtls  of  com- 
IMuiml  crystal-..  «■■  ulwiiy<  urili-  the  syintiols  of  the  dominant 
form  fir^i.nnil  lh>'  syniUdit  of  the  M-condury  forms  in  tite  order 
of  their  jirowincnce. 
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When  the  faces  of  the  doiDinant  form  are  eo  much  developed 
Wis  to  give  tlieir  general  aspect  to  tlic  crystal,  it  is  usual  to  de- 
scribe the  crystal  as  having  the  dominaiit  form  modified  hj  the 
lacea  of  the  socondarj  forms.  For  example,  the  crystal  repre- 
sented in  Fig.  78  would  be  described  as  a  cube  modified  by  an 
octahedron,  and  tlie  crystal  of  Fig.  80  as  an  octahedron  modified 
hy  a  cube.  'In  Fig.  78,  the  solid  angles  of  the  cifbe  have  bccti 
Ttplaced  by  planes  of  an  octahedron,  and  in  Fig.  80  the  solid  an- 
gles of  the  octahedron  have  been  replaced  by  planes  of  a  cube. 

(91.)  Drfinitions.  —  A  crystalline  form  may  modify  another 
in  different  ways,  and  several  technical  terms  are  used  in  dc- 
Knbing  these  modifications,  which  it  is  important  to  undcrstnnd. 

Truncation.  —  When  the  edge  of  a  crystal  is  replaced  by  a  piano 
equally  inclined  to  the  adjacent  faces,  and  forming  v\t\\  them 
parallel  edges,  the  edge  is  said  to  be  truncated.  In  like  manner, 
a  solid  angle  is  said  to  be  truncated  when  it  is  replaced  by  a 
plane  equally  inclined  to  the  similar  adjacent  faces.     Figs.  81, 

Fig  83- 


82,  83  are  examples  of  truncation  of  edges,  and  Figs. 
ue  examples  of  truncation  of  solid  angles. 

Bevelling. — If  an  edge  is  replaced  liy  two 
planes,  OS  in  Fig.  84,  each  of  whieh  is  in- 
clined to  the  adjacent  face  at  the  Fame  angle, 
and  which  form  with  these  faces  parallel  in- 
tersections, the  edge  is  said  to  bo  bevelled. 

Similar  edges  are  those  formed  by  the  in- 
tersection of  two  planes  which  are  Fimilar 
each  to  each.  Similar  solid  angles  are 
those  formed  by  the  union  of  three  or  moro 
planes  which  arc  fiuiilir  each  to  each. 


Glations  on  cry.l»l>  folio.  o...t"»»l''l'"-  1 
Wj  mdifiid.  ,iWl«»'l' 

(er  of  till!  similar  parts  of  «  tiT™  ■ 

tarly  moflllieii-  , .  ,  .„  jisirihtei  on  On  *•"  I 

;ud  mod*  of  l^  ;„J™,.;  b.'/.'^^^rt 
^,i«  mod*  ""  "     „,d  „„  tl»  rff'-   ';!,„,«•'' 


Tint  THM 

Siuip'e  Ifc 


r"la.iSn.»tf»™°//,iort'i«. 
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'  Three  of  these  foms  —  the  octalieiiron,  a:ii:a,lk  Jw<aj 
»n,(i:o;  ooo,  aud  the  hexahedron, tf ;  xa:  xa-lii"-'> 
»ble  iiarameters.  and  therefore  do  not  admit  of  uij  nnd 
1  the  relative  position  of  their  planes.  IVj  >i«  l»l«^-- 
llled  the  fundamental  forms  of  the  sjitcin.  Ttt  |«»«- 
'  tlio  remaining  four  forms  are  tatiable,  and  tin  tud  I" 
t  their  planes  depends  on  the  talnea  giiea  to  •fi',-^ 
'k  altrari  very  simple  Ktional  namhers.  Tl«  *..l.- 
I  foms  can  easily  i»  «e„  from  th.  d  sp».«.a  .Mh^ 
i, he  above  figures.    For  example,  iyl«"H»^"^^ 

„,,,  when  the  value  of  »Uu2«;»fr*tt-. 
i,d  the  form  bceomes  an  octahedron.  As  .e  P" 

Iger  values,  tl»a,,gl«.l«»»«  ■"-J":    ,:       , 

K^tall^.hen»=x,tl«..■opl.«.2„,; 

'  coincide,  and  the  form  becomo  th  "^^rtl^ 

L  therefore,  he  an  infimte  nnmkr     tng«^^^  ^  , 

S;,  varying  ho.w».l.eJ^-;»„"77„^. 

„  .ide,  and  the  ^■^'f^"^'Z«"i.f^"""-'' 
tries  of  these  forms  .ith  P"™f '"""   '  ,,|ii.,»»>. 

^tou  can  easily  he  '^^JX^t.^^^Z 
^„,ra«onaltriakis.«tal,.to.»»»«  „j^.*. 

^  octaltodron  and  *' "^/i,;,  difen^at »!.»<• 

^Lt,  however,  ony     -?'';,,,;,,,,.,„,*...-'' 
klujr  of  these  forms  have  l«»„j  5. 
Ll  occurring  value,  of  »>«»!*;    ,  „„„  ,„,  i.wrf» 
Ci„,tl.otet.»kis.he»M«"       OT«»=''*£ 

,fXn;h.dod«..*»it;..,„*a^ 

■  faces  mectmg  «t  »  «°  ^j  ,„j,lo  st  i  >»»V 

,,,,„l,teof»u.c|»«>^,,a,.,.rp«.^ 

d,My.7;::rou..hese*;-.^t, 


There  »relw< 
vltr  sntetu.     Th9  * 
v(  Ibc  fint  of  UiusQ 
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tlitKiO  of  tlio  vccoiul  aro  parallel.  ITcnco  tlio  formii  of  the  Tint 
gruu[>  havo  l>ct>ii  callod  oblique  kemiheilra/  forms ;  tlioM  uf  tliii 
NiL-uiiii, /Mra//(7  hemilirdral  formt.  Tlio  nymUds  of  Ilio  ol>)ii]iii.' 
Iiciiiiliedral  fumiit  arc  furuMHl  \tj  writing  i  boforo  tlio  priiiUj)  uf 
tlio  i-orrfS|Hiiiiliii^  liululiedral  form  eiicloecd  in  ]tnrciilli(^!!i,  tliiis: 
i  (a  :  m  a  :  M  a>.  Tlio  syinboU of  tbo  panilk'l  lii>iiii)it;i]rn1  fiiriii!i 
are  funucil  l>v  writing  j  bcforo  tlio  symbol  of  llie  cu^n!^|NHlllilIf 
lioldliotlral  fitrni  oiii-Iiisud  ill  bnckcts,  thus:  \  [a  :  m  a  :  tn  u\. 

Tlio  oliliipK!  hcmiliodral  forms  of  tlio  nioiiomotnc  '■V'ti'm. 
wliii-b  nro  eoveii  in  iiumlior,  aro  rojmrMintud  in  Fig.  ^••),  Kauli 
uf  tliuiio  foroM  has  a  liulotiodnil  form  corresponding  to  it  lit  |io>i- 
tioii  in  Fig.  85.    Tbey  ore  named  as  follows :  — 


floUd  hwDdrd  hj- 

+  M" 

:«:«). 

+  )(.. 

„:ma). 

+  *(« 

:  —  :-«>. 

9X4  ixMralc*  Ihuiubn. 

+  K" 

miiua). 

•  X  iMlnw 

+  i  '■> 

:.:o.<.l. 

ISihomh.. 

+  Jc 

T.tr«ki»-beK.ii.-.ln.iL 

4  X  S  liiu||l<«. 

+  *i- 

:.»:<><.). 

ll.«h.-aro<i  (tut-.-|. 

«  .<(ii>n*. 

Tlie  modi)  l>y  wIiil-Ii  tlio  tetrahedron  is  derived  from  tli«  oc- 

tuhcdroii  lias  alix-udy  liecii   ex]ilained.     In  Fig.  87,  the  (ilaiics 

of  tho  octahedron  which  arc  stippix'sM-d  arc 

rf '^  shaded,  and  those  which  are  cxteiidvil  aro  K-fl 

^«  \^  lijrht.     By  comparing  this  rifiiiru  with  the  fijr- 

^^V       \  lire  of  tlio  hcxakis.^iclahedn>n  (Fij:.  ^^'^,   in 

^^^^^^^^        w  liicli  the  |mrt8eorreti|ionding  in  |io>ition  lo  the 

\.   ^^^^  >li:iili'd  parts  of  the  ocljdiedron  liave  uiwi  Iks-ii 

\^^  hlnidcii.  and  the  reversi',  it  will  Ixj  seen  that  a 

•  ,■  *  {.Tiiup  of  six  planes  corn-siiMMids  in  pofiiiun. 

^  i>ii  thin  form,  to  a  Kin^'le  jduiie  on  tlic  octuh<>- 

driin.     If,  now,  we  extend   the  |)arts  on   this 

foriii  n)nvs)xindiiig  to  tho  parts  whicb  were 

I'xtendiil  on   the  iK-tahi'dnm,  tliat   is,  anry 

oth'T  set  of  MX  (ilaiieK.  ihow  left  light  in  Hie 

figure,  we  i-hull  uhtnin  the  hesakis-telraliedroii, 

a  form  uhii-li  l>enn(  thi'  ^anlc  relation  to  the 

li'trahedmn  that  tho  hexakis-uctaliedron  doca 

to  the  nflahi'iirim. 

In  like  iiiHiiner,  if  a'e  apply  the  ^aiiic  pnnctplit  to  the  trigonal 

triaki»-oi*tuhcdroii  and  to  the  tetragonal  triakis-octoliedrun,  extend- 
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iug  in  these  casea  eveT7  other  set  of  throe  pianos,  and  suppressing 
tlie  alternate  sets,  ve  shall  obtain  the  tetragonal  triakis-tetralio- 
dron  and  the  trigonal  triakis-tetrahcdron.  It  will  bo  noticed, 
howerer,  tliat  the  trigonal  triakie-octaliedron  gives  the  tetragonal 
triakis-tetraliedron,  and  the  reverse. 

On  Fig.  89,  tlio  portions  ot  tlie  cube  corresponding  in  position 
to  tlie  planes  of  tlie  octahedron  tIucIi  were  suppressed  are  sliaded, 
and  it  can  bo  easily  seen,  that,  if  tliose  portions 
of  the  cube  faces  vhich  are  not  sliaded  are  ex- 
tended, they  will  form  again  a  cube.  The  same 
is  true  of  the  tetrakis-liexahedron,  as  may  be 
seen  by  Fig.  90,  and  also  of  the  dodecahedron. 
In  otlicr  words,  the  same  process  by  which  the 
tetraliedron  is  derived  from  the  octahedron,  ap- 
plied to  these  three  forms,  reproduces  these 
forms  again.  These  forms  are  at  once  both 
liololicdral  and  oblique  licmihcdral  forms,  and 
have  therefore  a  place  in  botli  groups. 

The  seven  oblique  hemihedrol  forms  bear 
similar  relations  to  each  other  t^  those  sus- 
tained by  tlie  liolohedrol  forms,  which  have 
been  already  fully  explained.  The  tetrahedron, 
the  dodecaliedron,  and  the  cube  are  invariable 
forms.  The  rest  admit  of  limited  variation  in  tlio  position  of 
llieir  faces,  depending  on  tlio  values  of  tlieir  parameters.  Thus, 
the  tetragonal  triakis-tetraliedron  is  an  in  termed!  ute  form  between 
the  tetrahedron  and  tlie  dodecahedron,  admitting  of  every  possible 
variation  between  these  two  limits.  So  also  tlie  trigonal  triakis- 
tctraliedron  is  an  intermediate  form  between  the  tetrahedron  and 
tlie  cube,  and  the  hcxakis-tetrahedron  an  iiitcrmcdiato  between  all 
the  fonns  of  the  groups.  These  relations  can  easily  be  studied 
out  by  the  student,  both  by  means  of  tlio  symbols  and  also  by 
means  of  the  figures  of  the  forms. 

Corresponding  to  each  of  the  hemihedral  forms  of  Fig.  86, 
there  is  an  inverse  form,  which  would  be  generated  by  extending 
the  alternate  planes,  or  sets  of  planes,  which  were  suppressed 
before.  The  negatiTe  forms  differ  from  the  corresponding  posi- 
tive forms  only  in  their  position.  In  any  case,  if  the  negative 
form  is  turned  round  on  its  vertical  axis  one  quarter  of  a  revolu- 
tion, it  will  coincide  with  the  positive  form. 
12* 


CBEXICAI.  PUTBICIl. 
2.  ParaOtl  JUmihedrtd  Forma, 


0<^> 


Till-  )i:ir:illi'l  lii'inilxtilral  fDniis  of  tlio  tnoiioniPtric  Kystoni  nur 
lic  p'iiiT:it('il  lir  <-xb>iiiliii|;  alliTtinlt:  [iuir>  nf  ]iliuit>H  itf  tlic  Imsoki^- 
octjilii><)r<>ti.iirtlit>]Hirtii>ii!*Mr|>laii<<swliich«.-iirrvs|M>iiiliutlictK|Mira 
uii  llic  otliiT  foniis.     Ill  Fig.  "ii'l,  tlui  )iluit»  uf  tliu  licxukia-oculio- 
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a:ma  :  na. 


droii,  which  are  suppressed  in  this  process,  are         Tng^ 
shaded,  and  those  to  be  extended  left  light.     The 
extension  of  the  latter  set  of  planes  leads  to  the 
central  form  of  Fig.  91,  which  is  called  the  dioMs- 
dodecahedron.     If,  now,  we  extend  the  portions  of 
planes  on  the  other  forms  which  correspond  to  the 
alternate   pairs  on   the  hexakis-octahedron  in  po- 
sition, we  shall  obtain  in  the  case  of  the  tetrakis-hexahedron  the 
pentagonal  dodecaliedron ;  but  in  all  the  remauiing  five  forms 
this  extension  will  reproduce  the  original  form.     In  Figs.  93, 94, 

flC.96.      ,  l1f.M.  Flg.96.  Flg.96. 


<j^ 


•  la'.a. 


aia  ima. 


aia\  00  0. 


a  :  OD  a  :  ODO. 


95,  96,  the  portions  which  correspond  in  position  to  the  alter- 
nate pairs  of  the  hexakis-octahedron,  on  the  octahedron,  the  two 
triakis-octaliedrons,  the  dodecahedron,  and  the  cube,  are  left  light, 
and  it  can  easily  be  seen  that  the  extension  of  these  portions 
will  reproduce  the  original  form.  It  appears,  therefore,  that  the 
same  process  by  which  the  diakis-dodecahedron  is  derived  from  the 
hexakis-octahedron,  and  the  pentagonal  dodecahedron  from  the 
tetrakis-hexahedron,  applied  to  the  other  five  simple  liolohcdral 
foiTus,  reproduces  these  forms  again.  Tliese  forms  are,  therefore, 
at  once  holohedral  and  parallel  hemihedral  forms,  and  have  a 
place  in  botli  grou])s.  It  will  also  be  noticed  tliat  the  rhombic 
dodecaliedrou  and  the  cube  belong  to  all  three  groups. 

It  is  not  necessary  to  enumerate  the  names  of  the  seven 
simple  forms  of  this  group,  since  they  are  the  same  as  those 
of  the  holohedral  group,  with  tlie  exception  of  the  two  whose 
names  have  just  been  given.  The  symbols  of  the  parallel  hcmi- 
hedrons  are  the  same  as  those  of  the  corresponding  oblique  hcnii- 
bedrons,  with  the  exception  that  the  bracket  is  used  in  place  of 
the  parenthesis.  The  forms  of  Fig.  91  are  all  positive,  but  a  cor- 
responding group  of  negative  forms  can  easily  be  constructed,  by 
extending  the  alternate  planes  or  portions  of  planes  which  were 
suppressed  before,  that  is,  those  which  are  shaded  in  Figs.  92, 
93,  94,  95,  96. 


^  WOM  between  He  »,7eii|MnlleHiimili«Wb,,. 
I,  in  all  respccK,  lo  Ihose  which  esiit  te™.  4,I„. 
Iw  two  groups.  The  oelahedrori,  He  rlionli.  4>l«» 
ai  the  cube  are,  ai  before,  iiivaiiaMe  form  Ili(  i»- 
Br  are  variable  forms,  the  exact  ^wsition  of  llw  pbe  t- 
gm  the  values  of  tlio  parameters.  .=incfl,  after  tt»&E 
'given, the  relatioasoftliose  forms  can  ensil;  be  lntti  B 
dent,  wo  need  uot  dweU  upon  the  subject. 

Compound  Form. 
3nly  tlio  forms  of  the  same  group  which  are  ttsmdujiM 
Bamo  crj'slal.  For  oiamplc,  we  find  llie  cuiie  ud  Us 
I  do<leealicdcon,  which  are  comniou  to  tiie  Iliree  p«^ 
y  with  an^  one  of  the  other  simple  forms  of  llifls;stfflSi'''i 
r  find  tho  octaliedrou  combined  with  tire  hcsakis^ta^ 
r  the  peutagoiial  doJecahedroo  combined  iritli  liirWfr 

In  order  to  become  familiar  with  the  corajxtiniil  !imi 
im,  the  best  method  is  to  stud/  each  form  in  jartcs* 
idor  how  it  will  be  modified  bj  each  of  tin  ttai^ 
Hem,  when  it  is  tlie  dominant  form  in  lliemnl"" 
description  which  has  been  given  of  Ibe  siaipli  f«»<« 
1,  the  sindeut  will  be  able,  with  a  little  stli;,!"* 

nature  of  llio  modifications  in  each  cm,™"" 
,  rwults  bv  refemng  to  tlie  figure,  of  lhe_a"?« 
in  iu  the  larger  works  on  Cr;»tallograph.r.  »•  ' 
BO  of  the  oclaliedren  as  an  illnslrnlioiL 
, modifies  the  octaliedrou  b,truncali»g.l»»M"J 
K  dodecahodreu  modille.  it  h)-  trn»cat.nj  IB  «^ 
u,al  triaki,«.l.bedr.»  hj  ^'f"*^*^ 
„B,  which  are  varionsl/  inohned  •«  f»  '"  " 

,h;inc.ina..nde^,.d^...b;™l-';^ 

10  tnCKiifring f»™,  »:»»:«"■  ll" "r  ^jj 
bevel,  the  edges  of  tl..oct.k-dm^tk»«^ 

eu  the  bevelling  plane.  .»J''"*«2.-«W 
,i,g  on  tbo  value  of  » in  the  •/"»"  ^IJ  "^, 
7„.  Tbc  he»ki«Ktal,edren  "P'^^'^a, 
":.,^..  i».  Mit  olanes,  who"  "■»!"""  ,.,. 


the  I 

telraki!*-hcxalii 
dion  by  four 
form  at  angle 
a  J  n  a  ;  CO  a. 
Wo  give  bt 
sjpmbola,  vhicj 
tion  of  the  fol 
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DiMBTRic  System. 
Simple  Ilohhrdral  Form*. 


•  n.  •  u.  B 


Till"  mi>*t  i[(i|-irUiiit  ^imI>ll■  rurrii"  c.f  tlit*  itimctric  vyol^ni  are 

n'|ir iit.'ii  in  Kiir.  '.*•*.  ninl  tin-  fiiriii>  Imvi-  Itwii  Rn>iii>ii|  ra  tint 

tlio  rvlaliuii  liciwwii  lliciii  can  In;  fusily  »wii.    We  call  ttuUy  tliia 
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Telation  to  tho  best  advantage,  by  commencing  with  No.  2^  which 
is  called  the  square  octahedron^  and  whose  symbol  is  a  \  a  :  b. 
When  the  lengtli  of  the  ^emi-axis  b  is  greater  than  that  of  a,  as 
is  the  case  in  crystals  of  sulphate  of  nickel,  where  a  :  b  = 
1 :  1.906,  then  the  octahedron  is  acute,  like  No.  3.  When, 
however,  the  length  of  the  semi-axis  b  is  less  than  that  of  a,  as 
is  the  case  in  crystals  of  acid  phosphate  of  potassa,  where 
a  :  6  OS  1  :  0.664,  then  the  octahedron  is  obtuse,  like  No.  2. 

la  the  monometric  system,  we  can  have  only  one  octahedron  ; 
bat  in  the  dimetric  system  the  same  substance  frequently  pre- 
sents several  octahedrons.     In  all  cases,  however,  if  we  reduce 
the  octahedrons  to  the  same  base,  the  lengths  of  their  vertical 
axes  will  bear  to  each  other  very  simple  and  rational  ratios. 
Thas,  for  example,  on  crystals  of  sulphate  of  nickel  we  find  octa- 
hedrons, where  tho  ratio  of  the  two  semi-axes  is  not  only  1 : 1.906, 
bat  also  1  :  0.953  and  1  :  0.635.     The  first  of  these  octahedrons 
has  been  selected  as  the  principal  form  of  this  substance,  because 
it  is  die  one  which  is  the  most  frequently  seen,  and  which,  in  com- 
pound crystals,  is  generally  the  dominant  form.     To  the  ])lanes 
of  tliis  form  we  give  the  symbol  a  :  a  :  6,  and  then  the  symbols 
of  the  other  octahedrons  are  a  :  a  \  ^  b^  and  a  :  a  :  ^  b. 

When  a  substance  present*  several  octahedrons,  we  are  guided 
in  the  selection  of  one  of  these  for  the  principal  form  l)y  many 
circumstances.  Among  these  may  be  mentioned  tlie  frc^qiiency 
of  occurrence,  the  predominance  of  the  jihincs  of  the  different 
octahedrons  on  comjxjund  crystals,  the  iK)sitioii  of  the  planes  of 
cleavage,  and  the  crystalline  form  of  other  substances  which  are 
ahalogous  in  composition  and  honia^omorjihous*  with  it.  The 
selection  is  in  all  cases,  however,  more  or  loss  arl)itrary,  and  we 
must  be  careful  in  comparing  the  crystalline  forms  of  different 
substances  to  keep  this  fact  in  view,  since  otherwise  we  might  be 
led  to  erroneous  conclusions,  f 

Having,  then,  in  the  case  of  a  given  substince  crystallizing  in 
tho  dimetric  system,  selected  one  octahedron  as  the  principal 
form,  and  given  to  it  the  syml>ol  a  :  a  :  6,  we  may  have  on  crys- 
tals of  this  same  substance  an  infinite  number  of  other  octahe- 
drons, having  the  general  symbol  a  :  a  :  m  b^  where  m  is  always 

*  Two  fubftanrcs  arc  laid  to  be  honKcomorphoas,  when  they  crystnllizc  in  forms 
whirh  »re  closely  allied, 
t  See  Dana's  System  of  Mineralogy,  Vol.  I.  p.  192  and  following. 
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a  Tcry  Bimplc  rational  integer  or  fraction.     Thus  vo  maf  hare 
oc  tailed  rotis  wlioso  FjrmlHtU  ore 


a:  a:  2b, 

or 

a:  a  : 

16. 

a:  a:  lib, 

« 

a:  a: 

ib. 

a:  a:  4b, 

" 

a -.a: 

ib. 

As  tlic  rahio  of  m  mcrctucn,  tli«  octalicdrons  become  raoro  uid 
moro  Bcutc ;  anil  finalljr,  wlicn  n  ikb  w,  llio  octahedral  [tlann 
bccomo  juirallol  to  the  vertical  axis,  aiid  vo  hare  tin  Kiunrc 
priiiin  vlioso  syiiibul  is  a  :  a  :  cc  fr  (Xo.  4,  Pig.  98).  This  we 
may  rt-pinl  as  one  limit  of  the  series  of  oetaliedrons.  On  the 
otlier  ham),  as  the  tuIuo  of  m  t]inulli^hvs,  the  oetaliedrons  be- 
come more  and  more  obtiiso ;  and  rinallr,  when  m  ^  o,  tlic  octa- 
liednd  planes  cuiiicido  with  the  basal  piano,  No.  1,  which  vo  maj 
rc^rd  as  the  other  limit  of  tho  series.  Tbo  symbul  of  tlie  Inual 
piano  may  be  writtoa  cither  a  :  a  :  ofr,  or,  as  is  moro  usual, 
(c  a  :  ■x.  a  :  b,  which  is  obtained  from  tho  first  by  multiplying  each 
parameter  by  x,  remembering  tliat  0  Xao  »  1. 

It  will  bo  noticed  that  neither  tho  n]uaro  prism  nor  tlio  basal 
[daiio  eneluses  space,  and  therefore  neither  can  alone  constitute 
a  crystal.  Tlie  two  combined  form  a  square  prism  witli  its  htual 
plane,  which  is  thervforo  a  compound  crystal. 

In  the  monometric  system,  the  axes  of  the  octahedron  always 
unite  the  rertioes  of  the  opposite  solid  angles.  lu  tlic  dinietrie 
system.  alN>,  the  vertical  axis  ulwaya  unites  the  vertices  of  llic 
two  solid  angles  funning  the  summits  of  the  octalicilron.  hut  llie 
lateral  axes  may  have  two  {rosilions.  Tliey  may  cither  unite  tlic 
solid  angles  or  tho  ccntn>s  uf  o]i]MMito  basal  edges.  The  two  posi- 
tions which  these  axes  may  assume  are  represented  in  Figs.  W, 
100,  which  represent  sections  through  the  base  of  tho  oetoliodruii. 
We  niny  tlitis  have  two  octa> 
hedruns.  such  as  Xus.  3  and 
11.  of  diflerent  dimeuMORs, 
but  yet  having  axes  which 
are  |>erfeet)y  equal.  Tlio  la* 
CCS  of  the  octahedron  whose 
"■■  *■  "•  '*  Imso  is  represented  by  Fig. 

100  have  the  same  position  as  the  eilges  of  the  octalie«lroii  whose 
base  is  rojirfsented  by  Fie.  W.  We  distinguish  tho  two  oetalie- 
drons by  colling  tbo  one  represented  iu  Nu.  3  tlio  direct  octahe- 
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dron,  aiid  the  one  represented  in  No.  11  the  inverse  octahedron. 
Since  the  external  appearance  of  the  two  octahedrons  is  precisely 
the  same,  it  is  not  always  possible  to  determine  to  which  form  a 
given  crystal  belongs ;  and  this  fact  introduces  a  still  further 
difficulty  in  determining  the  principal  form  of  a  substance. 

The  general  symbol  of  the  inverse  octahedron  is  a  :  ooa  :  mbj 
where  m  represents  any  simple  rational  integer  or  fraction.  Thus 
we  may  liave  inverse  octahedrons  on  crystals  of  the  same  sub- 
stance, whose  symbols  are 


a  :  cx>a  :  bj 

or 

a  :  ooa  :  \  b 

a  :  CO  a  :  2  bj 

a 

a  :  ooa  :  ib, 

a:  ooa  :  &b, 

u 

a  :  ooa  :  {b, 

The  limit  of  tliis  series  of  octahedrons  on  one  side  is  a  square 
prism,  No.  12,  whose  symbol  is  a  :  oo  a  :  oo  b  ;  and  on  the  other 
side  the  basal  plane,  whose  symbol  is  a :  oo  a :  o  6,  or  oo  a:  ooaib. 
Between  the  direct  octahedron,  No.  3,  and  its  corresponding 
inverse  octahedron.  No.  11,  there  is  an  intermediate  form,  No.  7, 
which  may  be  called  the  dioctahedron.  The  parameters  of  the 
faces  of  this  form  are  a  :  nTa^:  n  b.  When  m=il  this  form 
becomes  the  direct  octahedron,  and  when  m  =  oo  it  passes  into 
the  inverse  octahedron.  Again,  for  any  constant  value  of  m,  for 
example,  m  s=  2,  as  in  the  figure,  we  may  have  an  infinite  series 
of  dioctaliedrons  with  different  values  of  n.  As  the  value  of  n 
increases,  these  dioctaliedrons  become  more  and  more  acute ;  and 
when  n  e=s  Qc,  they  pass  into  the  octagonal  prism,  No.  8.  As  the 
value  of  n  diminishes,  they  become  more  and  more  obtuse  ;  and 
when  n  =  0,  they  pass  into  the  basal  plane.  No.  5.  For  any 
other  value  of  m,  for  example,  m  =  3,  wo  may  have  a  similar 
series ;  and  hence  there  may  be  an  infinite  number  of  scries  of 
dioctaliedrons  and  an  infinite  number  of  forms  in  each  series. 

Hemihedral  Simple  Forms. 

By  extending  the  alternate  planes  of  the  square  octahedron, 
two  tetrahedrons  may  be  obtained  similar  to  tlic  two  tetrahedrons 
of  the  monometric  system,  but  differing  from  them  in  the  rela- 
tive length  of  their  vertical  axis.  We  may  evidently  have  a 
series  of  either  positive  or  negative  tetralicdrons,  corresponding 
with  the  system  of  octahedrons,  and  varying  between  a  square 
prism  on  one  side  and  the  basal  plane  on  the  other.     In  like 

18 


ol  of  tlie  oilier  hexagonal  pyramids  of  the . 

Si  a:  a:  CB  a  imb,  in  wliicli  ni  is  alirars  some  i-eij  im 
«  OP  fractiou.  As  the  ralue  of  m  iiiereaies.  iht  pa! 
les  more  and  more  acute ;  aud  when  nt  =  «,  i[  [ua  is 
aagonal  prism,  No.  d.  On  the  other  hand,  aitheniKil 
[itiislies,  the  pyramid  becomes  more  and  more  otow,ii: 
'passes  into  the  basal  plane.  No.  1  Tliiswriisflfjjiw* 
Bed  hexagonal  pt/ramids  of  tkt  Jlrtt  order,  to  diitiDfo* 
from  the  hexagonal  pjramids  reprcseuted  in  iLc  tm 
forms  in  Fig.  108,  which  are  called  kexegoml  pi/nm 
tecond  order. 

he  hexagonal  pyramids  of  the  second  order,  (J*  W 
iil«  the  centres  of  edges,  as  in  Fif.  110.  wiiile  in  iti"  - 
the  (int  order  the;  Ill- 
opposite  solid  w^^- " 
in  Fig.  100.  TlrtW' 

lanM^H  ures  are  tite  iwr.  ^' 

■SflH^H  inlcrwctiontifoiK'^' 

■B^^l  faces  of  tbfpnsi»i^ 

^^^^^H  ilieEiecond  Older  filtb 

^^T!!^^  basal  pla.«,  i»  <*«  » 
.  no,  and  it  canW.il/ be  .cc»  that  tld.  r^-f^- 
ould  intersect  the  three  lateral  arc. -i^ 

te^r  or  fmcta.    A.  H. '.!»• -f  '  "°*- 


lal  prion,  whore  m  =  =".  "" 

,  second  oricr  l,are  Ih.  «•  P^»™  ^,  ^ 


<*i)  kinds :  - 
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angles,  lettered  E,  which  are  similnr  to  each  otbor,  but  do  not 
t  of  equal  uiglos.    TIio  vortical  axis  of  the  rhombohedron 


0A-  — w/i.       —  i  It*.  ;;  — ifr.      «A*«  ««. 


eonnectu  the  Tcrticnl  »>li.t  anfrlcR.  Tlio  lufral  sxc^  couiiovt  lh« 
centres  of  oppm>it«  t■■ll^■». 

The  interfucinl  niii.'l<'!«  f'trmuii  nt  lh«  d-niiiiial  e*lp».'s  X  am  uH 

<y]ual  to  CAcli  other.     ThU  aiigk'  i*  or f  th»  vmst  iui|M)rt3  .: 

rhnm('t(*r>  of  the  rhmulMihixlroii,  nml  w-  ••Imll  call  it  thi>  rkonilu- 
krilfttl  anf^lr,  aikI  ()i!<tinl:lli^U  it  l-y  tin-  >mw  l-ltff  wliirh  wo  ha^  • 
iimhI  ti>  ili'iKittf  the  Ol)|r•^  Wltfii  tlii"  anifti^  \s  ni'uli\  ttu*  rlmnilHi- 
hfilniii  {•>  Mti>i  to  )».■  ni'iiti',  ami  wlic-ii  it  is  ohtii»<-,  thu  rh<iin)>utii>- 
ar>.:i  i-  Mi.l  to  l»>  ..l.tiiMv 

Tlio  M.viiu.ia  of  the  rIiuniU)hc<ln):i  itosMug  through  two  opposito 
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terminal  edges  arc  rhombs  which  arc  perpendicular  to  two  of  the 
faces  of  the  form.  There  are  three  tuch  sections  in  every  rhom- 
bohedron,  and  thej  are  called  principal  sections.  One  of  these, 
CE  C'E',  is  represented  m  Fig.  112. 

The  crystals  of  a  given  substance  frequently  present  a  number 
of  rhombohcdrous,  both  obtuse  and  acute  ;  but  when  these  rhom- 
b(Aedron8  liave  tlie  same  lateral  axes,  their  vertical  axes  always 
bear  to  each  other  a  very  simple  proportion.  One  of  these  rliom- 
bohedrons,  which  is  selected  on  the  same  grounds  as  those  already 
stated  in  connection  with  tlie  dimetric  system,  is  termed  the 
principal  rhombohedron. 

The  principal  rhombohedron  may  be  regarded  as  formed  from 
the  principal  hexagonal  pyramid,  by  extending  the  alternate  planes 
until  they  cover  the  rest.  As  there  are  two  sets  of  alternate 
planes,  it  is  evident  that  we  can  obtain  by  this  method  two  rhom- 
bohedrous  which  are  perfectly  equal,  and  which  differ  from  each 
other  on! J  in  position.  We  shall  call  them  the  positive  and  nega- 
tive rhombohedrons,  and  distinguish  them  by  writing  the  signs 
plus  and  minus  before  the  symbols.  These  symbols  aro  given 
below  Figs.  112, 114,  and  it  will  be  seen  that  they  are  formed 
after  the  analogy  of  the  symbols  of  the  hemihedral  forms  in  the 
monometric  system. 

Since  every  hexagonal  pyramid  will  give  by  this  method  two 
rhombohedrons,  it  is  evident  that,  corresponding  to  tlio  series  of 
hexagonal  pyramids,  Fig.  108,  we  have  two  series  of  rhombohe- 
drons. The  general  symbols  of  tliese  two  classes  of  rhombohe- 
drons are 

-j-  J  (a  :  a  :  00  a  :  m ft),     and    —  J  (a  :  a  :  oo  a  :  wi  ft). 

As  the  value  of  w  increases,  the  rhombohedrons  become  more  and 
more  acute,  and  finally,  when  m  =  oc,  they  pass  into  tlie  hex- 
agonal prism.  No.  5,  Fig.  115.  On  tlie  other  hand,  as  tlic  value 
of  m  diminishes,  the  rhombohedrons  become  more  and  more 
obtuse,  and  when  m  =  0  they  pass  into  the  basal  plane.  No.  1, 
Fig.  115. 

Of  the  series  of  possible  rhombohedrons  with  any  given  values 
of  the  axes,  tliere  are  several  which  stand  to  eacli  other  in  an  im- 
portant relation.  Commencing  with  the  principal  i)ositive  rhom- 
bohedron, +  i  («  •  ^  •  00  fit :  ft),  No.  3,  Fig.  115,  we  find  that  the 
planes  of  the  negative  rhombohedron  —  J  (a :  a  :  oo  a  :  J  ft),  No.  2, 
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kavo  the  same  position  as  its  terminal  edges,  and  therefore 
truncate  them  This  rhombohedron  is  called  the/ri<  obimse 
rkombohedroH.  Again,  the  faces  of  tlie  positive  rhombohedron 
-|-  I  (a  :  a  :  ex  a  :  I  6)  truncate  the  edges  of  the  first  obtuse 
riiombohedron,  and  it  is  called  tlie  second  obtuse  rkomboke- 
dfOH^  and  so  on.  On  the  other  hand,  tlie  faces  of  the  principal 
rhombohedron  truncate  the  edges  of  the  negative  rhombohedron 
—  I  (a  :  a  :  Qoa  :  2  ft).  No.  4,  which  is  called  the  first  acmie 
rhombokedrom.  The  faces  of  the  first  acute  riiombohedron  trun- 
cate the  edges  of  tlie  positive  rhombohedron  '\-\(a:ai<xiai\b')^ 
which  is  called  the  second  acute  rhombohedron^  and  so  on. 

The  rhombohedrons  which  form  tliis  series  are,  then,  as  fol- 
lows :  — 

Tliird  obtuHO  rhomlM>hedron,  —  |(a:a:  qd  a  :  i  b)^^  —  |/L 

Second   "  **  +  J  (a  :  a  :  oo  a  :  J  A)  «=  +  J  /L 

Rrst       "  "  —  J(a:  tf  :  ooa:  J  6)=  — I /L 

Principal  rhombohedron,  -^-K^a  :  a  :  co  a  :  b)     s=4-/L 

First  acute  rhombohedron,  —  |(a:a:  qd  a  :  2b)=s  —  2/L 

Second  "  "  +  |  (a  :  a  :  oo  a  :  4  fr)  =  +  4  il. 

Third    **  "  —  J  (a  :  a  :  oc  a  :  8  A^  =  —  8  /L 

And  in  this  series  each  rhombohedron  truncates  the  terminal 
edges  of  the  one  which  follows  it.  In  crystals  of  the  mineral 
calcito,  almost  all  the  alH>vo  rhonilM)hcdnmtf  have  been  observed, 
and  a  larp3  nunilKT  of  otliers,  not  l)olonging  to  the  series,  but  in- 
tehacdiato  U^twetMi  tlie  nienil>ers  of  it.  The  general  appearance 
of  these  cr}>tals  varies  from  alin(>:<t  flat  plates,  where  the  ter- 
minal angle  A"  =  IW*  42',  to  t>liaq>  needles,  where  the  angle 
X  =  00"  20  . 

As  ilie  n*giilar  hvnilM)!  uf  tin*  rli<)mlM)he<lnm  is  inconvoiiiontly 
lonjr,  we  friNjiit-ntly  abl)n»viat«'  it  in  |»nictir«»,  and  write,  as  the 
svuiIniI  of  till*  |irinri])al  rlii>iiitN»liri|n>ns  of  a  ^iveii  Mil»stanoe, 
d=  K,  Vor  oih»»r  rliunilKilnMlrons  wi»  um?  th«?  gi*ni*nil  M'inliol 
-h  m  /{«  in  whii*li  m  is  tlie  ^alll«'  «|uantity  as  tho  m  in  the  nn?- 
ular  >»vnil»ol.  TIio  aWlin'viatrd  svniUils  «if  \\\v  htIi^s  of  acute  and 
obtuse  rliomlM>litMln>ns  have  Ik-mmi  pviMi  aft«T  ihi*  corn?s{M>iiding 
r  *irular  syui)»ols  in  the  al)oV(;  taMc,  an«i  )»y  coni|>ariiig  the  two  the 
U!—  of  tlie  abbn-viation  can  Ih»  rasily  un(lcrst4MKl. 

Iiit«*nn<M!iat«?  lHrtwe(*n  tli«.'  obtuse  and  acute  rhomlN)hedrons 
tliere  is  a  |io9siblo  form,  where  X  ss  IHJ\     This  is  the  case  when 
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a  :  t»b^l :  V^-  I'he  rliombohedron  then  becomes  the  cube, 
which  may  tlierefore  be  regarded  as  a  form  of  the  hcxagoual 
system.  In  like  manner,  all  the  other  simple  forms  of  the  mono- 
metric  sfstem  may  be  regarded  as  forms  of  tno  hexagonal  system, 
but  in  this  system  they  are  compound  forms.  In  consequence  of 
'tbis  analogy,  the  crystals  of  the  two  systems  frequently  resemble 
each  otlier  very  ckfflely,  especially  when  they  have  been  irregu- 
larly formed. 

SctUenohedroH.  —  By  comparing  together  Figs.  116  and  IIT, 
on  which  the  similar  parts  have  been  similarly  lettered,  it  will  be 
seen  tiiat  in  the  posi- 
^on  occupied  by  one 
jtlane  on  tlie  hexagonal 
pyramid  there  are  two 
"planes  on  the  dihex- 
agoual  pyramid ;  and 
hence,  that  we  must 
extend  the  alternate 
purs  of  planes  on  tlie 
dihexagonal  pyramid, 
in  order  to  apply  to  it 

tlie  same  method  by  ■mnnpo!*.  •:«:a>aii. 

which  we  obtained  the 

rlioinbohcdrou  from  the  hexagonal  pyramid.  If,  then,  we  extend 
tlie  alternate  pairs  of  planes  on  the  dihexagonal  pyramid,  commen- 
cing with  the  two  front  upper  planes  of  Fig.  IIG, 
wo  shall  obtain  the  form  represented  in  Fig.  118, 
and  called  a  scale nohedron;  or,  by  extending  tlie 
planes  suppressed  in  the  lust  case,  a  second  scale- 
uuhedron,  dilTering  from  the  first  only  in  position. 
The  two  are  distinguished,  like  the  rliombohe- 
(Irons,  as  positive  and  negative  scalunolicdrons. 
The  scalenohedroii,  which  is  derived  from  iho 
principal  dihexagonal  pyramid,  will  ho  called 
tlie  principal  scalenohedron,  and  its  synilml  is 
±  i.C" ti :  a  : pa  :  6).  The  general  symbol  of 
other  scalenohedrons  is  ±  ^(ina:a:pa:  nb). 
As  the  value  of  n  diminishes,  the  sealeiioliedron 
becomes  more  and  more  obtuse,  and  fmally,  when  n^o,  nicrgca 


le  otlier  \mi,  wjtli  inCTMSffif  tria 
ones  moa^  and  moro  acuie,  tai  ita 
bxapiiial  firism. 
Iiombolicdroii  anil  thc«iii(My« 
S,  it  will  be  iiuticed  tlullbtliin 
kbe  two  forms  liavc  a  limilar  jeem 
tbo  axes,  to  Hint  for  evcrr  xiJwi- 
9  liiii^t  lie  a  rliombobedMn  jimii- 
Goiucido  villi  Iliclulvntldenoflbi 
u    Tltis  rbomboheilnu  is  cM  k 
rhomboliedron  uf  lli«  walcwJietir"- 
aohedroii  raoy  evidniillr  b«  fiwi 
iscribud  rliomboliedron  b;  [**c 
IJc&l  aiis,  aiid  tJicn  dnvio^  i>0 
|ids  of  titc  1'crticd  au'i  ihu  p 
B  lateral  solid  auglos  of  liw  rt» 
S-It  is  CTidQut  tlial  we  m;  il« 
orery  riiomlwlicdro"  *"  '"''* 
scaleiioliudroiis,  riiose  f«n  rf 
D  tiia  Mleut  to  irhicli  tlw  ^ 
H  elongated.    We  find,  !«*""■ 
li-Tertii-oi  axis  of  ifw  "m'w** 
Ijrs  some  simide  raultipfe  ^  *• 
bed  rliornkJiednMi.    !!««• 
bolof  tJiescaleimliwIiwi,*'* 
indiiig  iiiscril«d  ni'M''»'«J* 
,w  Diari;  fiinei  its  «roi-n«» 
WiboiiedroJi.    If,«i"F'f"'' 
[pnndpaIrlioml»lied™n'+* 
,  soalenoliedran  is  ""«  ff 

TOfK.lfurar.f^eiu)b«li«» 

gmWofH'^i'^7?r 

laK  t'«'t '^«  "•""'*'  ! 
Bids  of  ft  pv^""?*^ 
fcremrrImu.lK)W««r 

Bohedr«ii*;--''^'***""T 
eiafiuite.n»kyfP^ 
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Offonal  traprsoktdroiu.  Tlie  two  rorms  dorired  Arom  the  mom 
ditivxngritiiul  |t;rruuid  differ  from  cacli  other,  nut  oiilj  in  tlie  kImo- 
liitu  ]>uM(i<iii  of  the  fumi,  but  also  iti  tlio  rulalh'o  pO!>itiun  of  tliuir 
pianos.  I'livy  are  distiiiguiHliod  as  llio  right  aiid  Uj't  tra)M!zohc- 
druiis,  and  tlivir  syuibolii  aro  rc!>[>e*:tivvly 

r    iima  :  a:  pa:  n  b),      oiid      /    |(ma:a:/ra:A  b). 

Tetartohedrat  Forms. 

Ily  oxieiidiiig  tlio  altcruato  pluiics  of  llio  riglit  licxa^onnl  tra- 
pezuliodrou  (Fig.  121),  wo  can  ulitaiii  two  furms,  diflcring  fruni 
each  otlit-r  only  in  jiosition,  vhu!<o  lymboU  aro 
±:  r  {  (m  a  :  a  :  p a  :  nb)  ; 
and,  ill  liico  manner,  from  the  left  hexagonal  trui>czubcdrou  two 
other  fomu  niajr  bo  obtained,  whose  fiynibolii  arc 

±  I  {(ma  :  a  •.pa'.nb'). 
Eacli  of  these  four  forms  is  bounded  by  six  isoscclrs  trapcziuma, 
and   they  are   therefore  callvd  trifronal  trapfsohedrmu.     Tbej 
arv  evidently  tctartohcdral  forms  of  the  dihexnfronal  pymnid. 

These  t(.>turto1it;drul  furnis  are  iiuver  found  isolated  in  nature  ; 
but  tbey  appear  very  frequently  on  crystals  of  quorti  in  combina- 
tion with  other  forms.  The  crystals  of  this  mineral  are  uouolly  a 
combination  of  a  bcxafronal  prism  with  a  hexagonal  pyramid  of 
Uie  tiamu  order  (Fig.  ]J^),  and  the  trigonal  trB|>czolio<lnms  ap- 
pear as  modifying  planes  on  the  tulid  angles.     In  Fig.  1:^4,  tin 


1  itiTiil   -olid  anirb'^  ar»»  nKxIilti-d   I'v  dm  pIniitH  of  the  potiiliv.- 
righl-lrigunul  tmiK-'iuholnms,  ami  in  Kiir.  1,'  1,  by  the  plane*  of 
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the  podtiT?  left-trigonal  trapezoliedron.  The  two  negative  forma 
Would  modify  in  a  eimilar  way  the  set  of  solid  angles,  wliich  are 
not  modified  in  the  figures. 

The  difference  of  form  between  the  right  and  left  trapezohe- 
dron  is  found  to  be  accompanied  with  remarkable  differences  of 
optical  properties,  which  will  bo  explained  in  the  section  on  the 
circular  polarization  of  light. 

Compound  Forms. 
Tlie  CT7slal  represented  bj  Fig.  127  is  a  combination  of  the 
licxagonal  prism  with  the  basal  plane,  the  symbols  of  which  are 
(^Tcn  in  this  order  below  the  figure.    On  the  crystal  represented  by 


Pig.  128  there  are  evident-         "« "°  ^  '^ 

ly  the  (aces  of  two  riiom- 
bohedroos,  the  one  positive 
and  the  other  negative.  If 
ve  assume  tliat  the  faces  let- 
tered r  are  those  of  the  prin- 
cipal rhombohedron,  R,  tlicu 
it  is  evident  that  tlio  faces 
lettered  '/,  are  those  of  the 

6rst  obtuse   rhombohedron,  -m(»«;»«!»«i.(. 

I  R^  because  tliey  truncate  the  vertical  edges  of  the  rhombobo- 
dion  R.  As  the  planes  of  tho  fint  obtuse  rhombohedron  are 
much  lar^r  than  those  of  the  principal  rhombohedron,  it  is  not 
at  once  evident  from  tho  figure  that  the  first  are  tnincating 
Jllanet ;  but  on  a  model  this  fact  could  easily  be  discovered,  by 
noticing  tliat  the  edges  formed  by  any  plane,  'I-, ,  with  tho  two 
adjacent  planes,  r,  aro  in  every  case  paralkl  (91).  If,  in  Fig. 
129,  we  assume  that  the  faces  r  aro  those  of  tho  principal  rhom- 
bohedron, then  tlie  faces  '/i,  which  truncate  tho  edges  of  the  prin- 
•  14 


ir»8 
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cipal  rhomliolicdroii,  bulong  to  tlio  first  olttuso  rliotnbohmlroti, 
—  i  R,  and  tlio  laeca  '2r  to  the  fin>t  acute  rliumliolictlron  — iR; 
liccausu  Die  eilgns  ut  Ihix  ronii  aru  truncated  by  tlio  facet  r  uf  the 
priiivijMil  rliumltulicdroii.  Fig.  l'-\0  rvprcHoiita  a  combination  uf  tlie 
priiit:i|Kil  rliuiiiboliedroii  vith  it?*  xL-L-iiiid  acute  rhomlrahcdroti,  4  Ji. 
Fig.  lol  rejircwiits  thecoailjinutiuiiof  tlieitrincijuU  rhunibuliedntn 
Willi  the  liasul  ]ilaiic.  It  will  be  noticed  liow  clowly  tliia  funn  ns 
seiiililos  the  ix'tahednin  of  tlic  monuiuctric  tiyiiloin,  and  it,  in  f^ct. 
inergva  into  the  octahedron  when  the  angle  of  a  on  r  i^  iijual 
to  Hiy  2»'  liJ",  wliich  i)  ih* 


ni.m. 


Tlf.  13S. 


COM  when  the  axes  of  tlie 
rhomlMjhedron  arc  to  each  oth- 
er as  1  :  i'.44',>").  It  will  l« 
rcnicnil'iT*-.!  that  the  culw 
niiiy  Ifc  rt'trarded  u  a  riioin- 
bohcdron,  in  which  a  :  b^ 
1  :  1.2:147.  Hence  lite  octa- 
hedron may  l>e  regarded  a« 
the  first  acute  rhontlmhedron 
-It.  :.■!,.).  ^j.  ^j^^^  ^^^1^  c.»inhi«eJ  with  tli- 

basal  plane.  The  compomid  forni  of  Fig.  \^.i  consists  of  a 
hexngonal  prii'ni  of  the  fin-t  onii-r  combined  with  the  riioniho- 
licdruu  —  {  R.  Finally,  Fig.  l:'.:t  roprctients  a  combination  of 
a  Bcalcnuhedron,  R  *.  with  the  rhonibolicdron  R. 


Trimetbic  .'^VSTKJI. 
Simple  For 


Tlii>  fundamental  form  of  this  M--ttini  is  the  rhombic  octakedrom, 
to  called   bccaiiM)  the  three  /frtHcijHil  trrHuHt  made  by  plaiiet 
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passing  through  the  axis  are  all  rhombs.*  This  fact  is  illustrated 
by  Figs.  135,  136, 137,  which  represent  these  sections,  and  which 
have  been  lettered  to  correspond  with  Fig.  134.  The  same  sub- 
stance frequently  crystallizes  in  several  octahedrons.  In  such 
cases  we  select  one  of  these  as  the  principal  octahedron,  giving  to 
it  the  symbol  a  :  6  :  c,  and  we  then  find  that  the  parameters  of 
the  planes  of  the  other  octahedrons  always  stand  in  some  simple 
relation  to  those  of  the  one  thus  selected.  Besides  the  octahe- 
drons, the  only  other  simple  forms  of  this  system  are  rhombic 
prisms  and  terminal  or  basal  planes.f  Tlie  relation  of  these 
forms  can  be  best  understood  by  studying  their  symbols. 

Having  given  to  the  principal  form  the  notation  a  :  b  :  c,  then 
the  other  octahedrons  which  the  same  substance  can  present 
will  be  expressed  by  the  following  symbols :  — 

1.  a  :  m  b  :  Cj  8.     m  a  :  b  :  c^ 

2.  a  :  b  :  m  Cj  4.     m  a  :  b  :  n  Cy 

in  which  m  and  n  are  always  very  simple  rational  numbers.  The 
iirf  t  three  of  these  symbols  may  evidently  be  regarded  as  partic- 
ular cases  of  the  third. 

The  number  of  possible  octahedrons  in  which  a  given  sub- 
stance may  crystallize  in  the  trimetric  system  is  evidently  infinite; 
but  the  number  which  have  in  any  case  been  observed  is  ex- 
tremely limited,  including  only  a  few  of  the  possible  values  of 
m  and  /2,  together  with  the  rhombic  prisms  and  terminal  planes 
which  result  when  vi  and  n  are  made  equal  either  to  infinity  or 
zero. 

If  in  No.  1  we  put  w  =  oo,  the  symbol  becomes  a  :  oo  t  :  c, 
which  represents  a  rhombic  prism  whose  axis  is  the  axis  of  b.  If 
VI  =  0,  the  symbol  becomes  a  :  o  b  :  c  =  oo  a  :  b  :  co  c^  which  is 
the  symbol  of  the  basal  planes  of  the  same  prism.  If  in  No.  2 
we  jmt  ni  =  oc,  we  obtain  the  symbols  of  a  rhombic  prism  whose 
axis  is  the  axis  of  c ;  and  if  we  put  m  =  o,  we  obtain  the  symbol 
of  the  basal  planes  of  the  same  prism.  So  also,  if  in  No.  3  we 
put  w  equal  to  infinity  and  zero,  we  obtaui  the  symbols  of  a 
rhombic  prism  parallel  to  the  axis  of  a  and  of  its  basal  planes. 

*  A  MCtkm  of  a  aystal  is  called  a  principal  section  when  it  contains  two  of  t!io  nxcs. 

t  Planet  placed  at  the  ends  of  any  axi.<«,  and  parallel  to  the  plane  of  the  other  two, 

ire  called  terminal  pfann.    Such  planes,  when  thcv  form  the  base  of  a  cr}'8tal,  are 
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Tbo  general  symbol  Ko.  4  majr  bo  put  in  the  throe  ftdlowing  Toniic: 

1.  a  '.  n  b  :  m  c,  2.  n  a  :  m  b  :  c,  8.  ma  :  b  :  mc. 
If  in  No.  1  vo  ptit  n  =  ac,  wo  obtain  a  rhombic  prism  panUlcl 
to  the  axiH  of  b,  wliosc  Ryml>ol  in  a  :  otb  :  me  ;  if  m  s:  o.  vu  4>I*- 
taiii  the  bosul  piano  of  this  prism.  If  in  Xo.  '2  vo  put  m  =  x. 
we  obtain  a  rhombic  prism  parallel  to  the  axis  of  a,  vhow  sym- 
bol is  oo  a  :  m^  :  c  ;  if  n  ^  0,  we  obtain  tho  basal  planes  of 
this  prism.  If  in  No.  3  ire  put  n  «  oo,  we  obtain  a  riKmbia 
prism  parallel  to  Uto  axis  of  c,  whose  ajmbol  uma:  b  :  oec;  if 
M  ^  0,  wo  obtain  the  basal  planes  of  tills  prism. 

Compound  Forms. 

We  giro  below  several  figures  of  the  compound  fonni  of  dril 

Bjstem,  and  beneath  each  the  sjmbols  of  the  simple  film*  of 

r^us.  ns-ua  n»i<a  n»Mi. 
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'vhich  it  consiBta,  opposite  to  the  letters  on.  tlie  faces  of  the  crys- 
tal. With  the  aid  of  these  symbols,  the  student  will  easily  bo 
able  to  see  the  relations  of  the  forms  vitliout  aiif  further  do- 
■cription. 

HemihedrcU  Forms. 
iif.  H&  Hi-  uT.  ni.  ua. 


+  )(•:*")■  -K"'*!'). 


The  moflt  important  bemihedral  form  of  this  sjrstcm  is  the 
llMlDibic  sphenoid,  Figs.  147,  148.  It  may  be  developed  by  ex- 
tending the  alternate  planes  of  the  rhombic  octahedron.  Fig.  146. 
If  ire  extend  the  shaded  planes,  wo  obtain  the  positive  sphenoid, 
Kg.  147  ;  and  if  wo  extend  the  planes  whicli  are  not  shaded,  the 
n^iativo  sphenoid,  Fig.  148.  The  rhombic  sphenoid  is  a  tetra- 
hedral  form,  and  is  bounded  by  four  scalcuo  triangles.  It  will 
be  remembered  that  the  two  tetraliedroiis,  derived  from  the  octa- 
hedron of  the  monometric  system,  differed  from  each  other  only 
in  position,  and  that,  by  turning  one  round  the  vertical  axis 
tbrou^  a  quarter  of  a  revolution,  the  two  would  coincide.  It  is 
difierent  with  the  two  sphenoids.  They  differ  from  each  other 
in  the  relative  position  of  their  planes,  and  by  turning  one  on  its 
axis  it  cannot  be  brought  into  a  position  in  which  it  will  coincide 
with  the  other.  Tho  two  forms  are  related  to  each  other  as  the 
Ufl  hand  it  to  tlie  right  handy  or  as  an  object  is  to  its  image  in  a 
mirror.  Hence,  we  call  the  positive  a  right  form,  and  the  nega- 
tive a  lefl  form. 

The  two  sphenoids  never  occur  in  nature  except  in  combination 
with  other  forms,  and  the  presence  of  one  or  the  other  of  these 
14- 
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forms  on  a  crrstal  is  associated  with  certain  nmirk^le  optical 
pr»portica.  By  iioutralizing  a  solution  of  ruccmic  acid,  half  wil!i 
soda  and  half  with  aiuoionia,  a  ItiUuiic  salt  is  formed,  called  tlitf 
raecinittti  of  soda  and  aimnunia,  whioh  can  be  readily  crystallizod 
by  evu{Kirttting  the  solution.  The  crystala  thus  formed  arc  of  two 
kinds,  part  resembling  Fig.  149,  and  part  Fig.  luO.     The  two 


fif.  1*  ni.ui. 


kinda  of  crystals  roscmblo  each  other  in  their  general  i 
ance.  Thoy  both  havo  the  planes  of  the  Tflrtical  rhomUc  pris 
(i  and  t  t),  the  terminal  planes  (i  f  and  i  f),  the  basal  planes 
(o),  the  planet  of  two  prisms  [Hirallvl  to  the  bntcbydiagunal 
([  and  2  f)  ;  but  in  addition  to  these,  lliero  aj^ar  on  llie  Rn-t 
kind  of  crystal))  (Fi);.  14'.))  the  planes  of  the  poxiti^'c  splienoid, 
-|-  i,  and  on  the  second  kind  of  crystals  (Fig.  loO)  those  of  the 
negatiTe  splienoid.  —  j.  If,  now,  we  arrange  a  cr^'slal  of  each 
sort,  as  in  the  rigurvM.  with  the  b'rniinal  planes  i  i  in  front,  it 
will  Im'  Keen  that  the  tipfn'r  fpht-noid  plane  is  tn  the  first  figure  un 
thtr  right,  and  in  the  mh-oihI  im  tbi.'  Xt-fX,  of  the  olwerver :  so  that, 
if  we  place  one  form  U'fnn*  a  mirror,  the  image  will  liave  ex- 
actly the  »ec<Hid  form.  In  tliL-w  two  forms  there  arc  present  two 
varieties  of  tartaric  n<-iii,  into  which  the  rnc-niic  aciii  dl- 
Tidiif  in  the  proct'ss  uf  t-ry-tallizatiiin.  In  th<'  rrvstaU  of  Fig. 
14!),  the  two  ]n>in  ur>>  nniicd  with  a  vnricty  of  tnrtnrio  acid, 
which  has  the  |n>w<t  of  rotaline  Ibo  plane  of  polarizulioii  of  a 
rsy  of  lifHit  to  the  ri::bt  ;  and  in  Fig.  l.*>il,  wiih  a  vnrieiy  of  tat^ 
taric  acid  reseniblinK  tli<>  oth<-r  in  all  its  clivniical  n-Iations,  luit 
differing  in  its  cr;-i>t;tlline  (^>nn,  nnd  rotating  the  jJaite  of  jM>lari< 
zation  to  the  Ivti. 

The  sphenoid  in  the  only  hfiuibi-driil  form  in  this  system  whirl) 
encloses  nimck,  and  which  tlii-rcr<>n>  muld  ahme  form  a  crystal. 
Other  hcmilHHlrul  forms  have  been  obM-rred,  but  tltey  never  a|H 
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pear  except  in  combinations  modifying  one  half  of  tho  siinilar 
edges  or  solid  angles  of  tlie  dominant  form,  and  tlicy  can  there- 
fore  bo  easily  recognized. 


lIosocLiNic  System. 
Simple  Forms. 

In  the  topnoclinic  system,  as  has  been  already  stated,  no  siiiglo 
crystalUue  form  can  enclose  space;  and  hence  ire  have  no  simple 
cryBtals.  Fig.  151  represents  an  octahedron  belonging  to  this 
Bjntem ;  biit  this  is  not  a  simple  crystal, 
becsose  it  is  bounded  by  feces  of  two  kinds. 
Tho  triangular  faces  BAG,  B  A'  C, 
ff  A  C'y  aud  B'  A'  C'  are  not  similar  to 
the  faces  BAC,  B  A'  C,  B'  A  C,  and 
B"  A'  C,  and  therefore  belong  to  a  different 
form.  The  first  set  of  faces,  if  extended, 
would  evidently  form  a  rhombic  prism ; 
and  the  second  set  of  faces,  if  extended, 
would  also  form  a  rhombic  prism  differing 
from  the  first.  These  two  prisms  may 
be  appropriately  termed  kemi-octahedrons  ; 
and  in  order  to  dlstuiguish  them,  wo  shall  name  the  one  whose 
planes  are  over  the  acnte  angle  o,  Fig.  1,^1,  the  positive  kemi- 
octahedron,  and  the  other  the  negative  hemi-octahedron.  Tills 
distinction  is  necessary,  because  it  frequently  happens  that  one  of 
tlie$o  he  mi-octahedrons  is  present  on  a 
ciTslal  without  tho  other,  or  at  least  that 
the  faces  of  one  are  far  more  dominant 
than  tliose  of  tho  other. 

Adopting  the  notation  of  Fig.  152,  al- 
ready described  (85),  tiio  symbol  of  the 
positive  hemi-octalicdron  is  a  :  6  :  r,  or 
a:  b' :  e'.  Tho  first  symbol  consists  of 
tlic  parameters  of  the  two  upper  right- 
hand  planes  of  the  form,  Fig.  \l,\y  and  the 
Bccondoftlioseof  the  two  lower  left-hand 


plaucs ;  cither  symbol  moy  be  used  at  pleasure, 
negative  hemi-octuhedron  \i  a:b\  c',or  a  \  b' 


The  symbol  of  the 
:  c  ;  the  first  being 


the  parameters  of  the  two  iipjicr  left-hand  planes,  and  tho  second 
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thoso  of  the  two  lower  right-hand  pianos.  Either  qrmbol,  as  lx> 
fore,  may  be  nsed  as  tho  symlwl  of  tlie  form,  but  ior  the  sake  of 
uniformity  wo  shall  use  in  both  cases  tlio  first  of  the  two  symbols. 
The  syml)ols  of  the  two  hemi-octahedrous,  of  which  the  octa> 
hedron  of  this  system  consists,  are,  tlien, 

a  :  6  :  r,  and  a  :  b  :  {f ; 

but  it  must  be  remembered  that  these  symbols  include  not  only 
tho  planes  whoso  parameters  they  actually  express,  but  also  the 
planes  which  have  the  same  parameters  oppositely  accented. 

In  tliis  system,  as  has  been  already  stated  (82-85),  not  only 
tlie  relative  length  of  the  axes  may  vary,  but,  moreover,  the  angle 
of  inclination  of  tho  vertical  axis  b  to  the  klinodiagonal  c  vari<^ 
also.  When,  however,  the  crystali  of  the  same  sybsiamcr  pre- 
sent planes  of  several  ]>air8  of  homi-octahedrons,  we  always  find 
that,  althougli  the  relative  lon^lis  of  the  axes  of  these  forms 
may  differ,  yet  the  angle  of  inclination,  a,  is  the  same  in  all. 
We  select  in  this  system,  as  in  the  last  three,  one  pair  of  these 
hemi-octahedrons  as  the  princi|>al  form,  and  give  to  it  the  s-ym- 
1k>1s  a  :  b  :  c  and  a  :  b  :  c'.  Tho  general  fym)H)l  of  other  hemi- 
octahedrons  of  tho  same  substance  is,  then, 

m  a  :  nh  : pCj        or        ma  :  nb  : pd^ 

the  quantities  m,  ft,  and  p  being  always  simple  rational  integers 
or  fractions,  and  one  of  them  l>eing  always  unity. 

The  forms  which  are  most  frequently  met  with  in  tliis  system 
are  those  which  result  when  cither  m  c=s  x,  ti  sb  oo,  or  p  ^  oo, 
or  when  m  s=s  o,  n  s=  o,  or  /y  es  o,  in  the  general  symbols. 

In  making  m  =s  x,  and  ;i  =  i,  the  gr^neral  symlxils  liecome 
m a  :  oo  fr  :  c,  and  ma:  y^  b'  :  r'.*  Since  the  dissimilar  semi-axes 
are  oppositely  accente<l  in  the  two  ^yn)lM>lH,  they  are  both  equiva- 
lent symlK>ls  of  the  same  obliipie  rhombic  prisms  parallel  to  the 
axis  fr.  When,  aim,  m  =»  i,  we  obtain  the  symbol  of  Uio  principal 
of  tlicse  ol»liquo  prisms,  a  :  yo  b  :  c. 

In  making  m  »■  oo  and  /» ss  i,  in  the  general  symbols,  we 
obtain  tlie  two  symbols  co  a  :  n  b  :  c^  and  cc  a  :  nb  :  c*.  Tbeee 
symltols  are  not  equivalent,  and  each  re|>resents  two  opposite  aad 
parallel  planes,  which  are  also  {Mirallel  to  the  ortliodiagonal. 
Tlie  two  planes  represented  by  the  first  symbol  are  over  Uio  acute 


•  Stfir«  &  ami  6'  are  luUrM  of  tba  mom  plniifthl  hnr.  tK«  p«mnnn«  •  I  Md  •  1^ 
tPi  in  All  fwpct-ts  •qaivakai,  mad  mmj  dMrrlbn  bo  tubttiuitoil  ktr  mch 
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anglo  a,  and  are  therefore  narrower  than  the  two  planes  repre> 
senled  by  the  second  symbol,  vhich  ore  over  the  obtuse  angle 
180°  —  a.  The  two  sets  of  pLuios  evidently  bear  tbo  same  rela- 
tion to  each  other  as  tlie  two  hemi-octahedronE,  and  may  therefore 
be  called  the  positive  and  neffotive  ortltodiaffonal  hevii-j>risms. 
Vtlien  A  ^  I,  the  tvo  rymbols  become  oca:  A:  c,  oud  <x,a:  b:&. 

Finally,  if  we  put  p  ^  oo,  and  m  ^  l,  in  the  general  symbob, 
ve  obtain  a  :  nb  '.  <x>  c  i:i  both  cases,  which  is  the  symbol  of 
horizontal  rhombic  prisms  parallel  to  the  klinodiagoual,  colled 
the  klinodioffonal  jtrisms,  T/lien  »  ^  l,  the  symbol  becomes 
ai  b  :  oo  c. 

Substituting  m  ^  o,  and  multiplying  all  tlio  parameters  by  c:, 
t'.ie  general  rymbols  become  in  both  cases  a:  xb  i  oic,  wliich  is 
the  symbol  of  a  form  consisting  of  two  tcrroiiiat  planes  parallel 
to  the  planes  of  the  axes  b  and  c.  In  like  manner,  if  wc  put 
II  E=  0,  or  ^  =  0,  we  obtain  the  symbols  of  terminal  {.laucs  pai'- 
allcl  to  tbo  planes  of  the  axes  o,  c  or  o,  fr  rctpectivcly. 

Compound  Forms, 

T%.1M. 


Fig.  15S  represents  the  combination  of  tlio  principal  oblique 
rhombic  prism,  with  its  basal  planes.     Fig.  154  represents  the 
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same  combuiatton,  witli  tbe  addition  of  two  tenniiud  plaiMi  at  the 
eud  of  tlie  orthodiagotial.     Fig.  155  ropreaeuU  tbe  mma  oomtMua- 


tion,  with  Uie  addition  of  tvo  planes  at  tlie  eud  of  tlie  kUoo- 

diagonal.    Fig.  156  ropreseuls  still  tlie  same  combiHatioa,  witt 

the  addition  of  tlie  two  plaoea  of 

tlie  aegativo  orthodiagonal  heBl* 

prism.     Fig.  157  repraaenta  the 

aame  combination  aa    ^^.  154, 

witli  the  additioD    of  tbe    two 

phuicfl  of  tlie  pucitiTa  orlho4hge 

nal  licmi-prisni.    Fig.  158  ia  tbe 

same  coml>iiiuliou    as    fi^.  15t, 

.  -•:*;>.  yi(ii  ti,y  adiiitiot)  of  tlie  positive 

priDcipal  hcmi-octalicdroii.    Fig.  l.J9  is  also  tbo  same  coiabiua- 


I  '.^ 
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tion,  with  the  addition  of  the  negaUve  hemi-octahedron.  Fig. 
160  is  the  same  combination  as  Fig.  154,  with  the  negative 
hemi-octaliedron.  Fig.  161  is  the  same  with  both  hcmi-octahe- 
dnua.  Fig.  162  represents  tlie  same  combination  as  Fig.  153, 
with  the  addittoQ  of  tiie  four  planes  of  the  prism  parallel  to  the 
kUnodiagonal.  Fig.  163  is  the  same  combination  as  Fig.  160,  ex- 
«pt  that  the  planes  of  the  negative  hemi-octahedron  are  more 
dominant^  and  the  basal  planes  do  not  appear.  Lastly,  Fig.  164 
lepraents  a  combination  of  all  the  forms  which  havo  appeared 
OQ  the  jtreTioaB  figures  of  this  system. 

Bemikedral  Forms, 

The  hemihedral  forms  of  this  system  only  appear  as  modifying 
planes  on  the  edges  or  solid  angles  of  the  holohedral  forms,  and 


tif.  lo.  ni.  leo.  ng  m. 


can  easily  be  diBtinguishod,  because  they  modify  only  one  half  of 
tlie  similar  edges  or  solid  angles  of  the  form.  Fig.  165  represents 
a  compound  form,  in  which  ordinary  tartaric  acid  frequently  crys- 
tallizes. It  i^  a  combination  of  an  oblique  rhombic  pnsm  t  witli 
llie  terminal  planes  i  i  and  the  two  hcmi-prisms  4-  i  and  —  i. 
Ou  these  crystals  there  are  four  solid  angles,  e,  which  are  evi- 
dently similar,  and  we  should  tlicrcfoco  exiwct  that  tliey  would 
in  any  case  be  similarly  modilicd.  But  on  tlio  crystal  of  the 
variety  of  tartaric  acid  wliicli  rotates  the  plane  of  polarization 
of  light  to  tlic  right,  we  find  only  tlio  two  front  planes,  as  on 
Fig.  106 ;  and  on  llie  crystals  of  the  variety  of  tartaric  acid  which 
rotate  the  plane  of  polarization  of  light  to  the  left,  only  two 
back  planes,  As  on  Fig.  167.  Those  two  forms  are  evidently  re- 
lated to  each  other  in  the  same  way  as  the  two  forms  of  Figs. 


168 
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149,  150,  ind  cAnnot  be  made  to  coincide  bj  uj  ehtnge  of 
position. 

Such  hemihedial  modifications  occur  chieflj  on  crystals  of  sat^ 
stancos  which  have  the  power  of  rotating  the  plane  of  poUrita* 
tion  of  liglit.  Common  caHe-«ugar  has  this  property,  and  on  its 
dTstala  wo  find  the  two  hack  planes  of  the  kliiiodiogonal  prism, 
without  tlie  corrcspouding  front  planes.  Fig.  168  represents  the 
common  form  of  the  crystals  of  this  suhstanoe.    They  bare  all 


rr-f^! 


the  planes  of  Fig.  169,  with  the  addition  of  the  planes  of  the  pa*- 
itire  hemi-prinn  ■+  (<x>  a  :  b  :  c^t  "id  the  two  back  planes  of 
the  Uiuodiagonal  prism  a:  b  :  <x>c. 


Twcusic  Ststeu. 


In  the  triclinic  system,  a  simple  form  connsts  of  only  two 

opposite  parallel  ploiiC!).     Tlieso  planes  may  haro  any  position 

towards   the   three   axcii,  and  ttipw  axes  may  Iistc   any  inrli- 

nntiuii  tuwunls  each  oilier,  and  any  rclatiro 

loii^lhs.     In  all  crystals  of  the  same  sutv 

stance,  hnwovcr,  llio  axes  hare  always  tito 

same  rvlnlivc  length,  and   are  inclined   to 

each  other  at  the  winie  an^cs.    Moreover,  of 

the  possiMo  {to^itions  in  which  the  two  parol- 

Icl  plane-t  of  a  simple  form  may  l>o  placed 

towanls  the  axes,  only  a  very  few  are  ever 

ol>!M*rvw| :  thi'  nwist  fn-qiienlly  (loen  are  those 

in  which  the  plnn(>H  are  parallel  either  to  one 

"•  «»  or  to  two  of  the  nxw. 

Fin.  170  represents  an  octahe<lmii  l>eloiifrin)t  to  tliis  system. 

and  formed  by  uniting  tlio  ends  of  tlic  axes  by  planes.     It  is  coot. 
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posed  of  four  simple  forms :  first,  the  form  consisting  of  the  plane 
ABC  and  its  opposite,  which  has  the  Eymbol  a:  b:c,  or  a':  It':  c"; 
secoDdljr,  the  form  consisting  of  the  plane  ABC  and  its  oppo- 
site, vhich  lias  tlie  Hjmbol  a  :  b  :  &,  or  a' :  b"  :  c ;  thirdly,  the 
form  coiisiBtJng  of  the  plane  A  B'  C  and  its  opposite,  which  lias 
tbo  symbol  a  :  b'  i  c,  or  a' :  b  :  c" ;  fourthly,  the  form  consisting 
of  the  plane  A  B'  C'  and  its  opposite, 
which  has  the  symbol  a  :  b'  :  c',  or  I 
of :  b  :  e.  Fig.  171  represents  an  ob- 
lique prism  belonging  to  this  system,  in 
vhich  the  axes  have  the  same  position 
ks  in  Fig.  170.  It  is  composed  of  I 
three  forms :  first,  the  form  consisting 
of  the  plane  A  B  C  J>  and  its  opposite, 
vliidi  has  the  symbol  a:  rxh  :  c,  or 
o'  :  oofr' :  c*;  secondly,  the  form  consisting  of  the  plane  AA'BB' 
and  its  opposite,  which  has  the  symbol  a:<xb:e',  or  a' :  oo 6* :  c ; 
thirdly,  the  form  consisting  of  the  plane 
BBf  C  O  and  its  opposite,  which  has  the  ""  " 

symbol  oo  a  :  A  :  oo  c,  or  ob  a'  :b':  od  c'. 
Since,  however,  tlio  relativo  lengths  and 
inclinations  of  the  axes  in  this  ^ys(«m 
may  have  any  possible  values,  it  is  evi- 
dent that  wc  may  suppose  the  axes  of 
tliis  oblique  prism  to  unite  the  centres 
of  oppot-itc  pliiiics,  as  in  Fig.  172,  or  in 
lact  to  have  any  other  position  whatso- 
ever. Indeed,  the  position  of  the  axes 
):i  the  crystals  of  any  given  substance 
is  in  a  great  measure  arbitrary,  and  we 
assign  such  a  position  in  every  case  as 
irill  render  the  symbols  of  the  observed 
furms  of  the  substance  as  simple  as 
jwssible.  Fig.  173  represents  a  crystal 
of  mlphate  of  copper,  and  the  t^yrabols 
below  the  lignre  indicate  the  position  "iZt'i^i'i." 

of  each  pair  of  parallel  faces   towards  J I  «/■»■*< 

t)ie  three  lines  which  have  been  assumed 

as  tiie  axes  of  the  crystals   of   this   substance.     Tbo   nlativo 
lengths  of  these  axes  are  a :  i  :  c  ^  1  :  0.974  :  1.768    and  tiie 
16 
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angles  of  inclination  are    a  ^  82*  21',  ^  mm  77*  87',  y  ^ 
73'  ity. 

(its.)  Irrfgularitiei  of  Cryttals.  —  Tlio  crjrBtalline  fomui. 
vliii-li  wo  liare  studied  in  the  Wt  section,  Imro  been  perfect  and 
Kgiilar.  Not  only  tlie  Bimilor  anglus  have  been  equal,  but  alM> 
tbo  ^iinilur  faces  and  the  otlier  similar  dimensions  of  tlio  cr}'»taU 
liarc  been  in  like  manner  equal.  Such,  liowcvor,  is  Tciy  Foldoni 
the  case  with  the  crystals  which  wo  find  in  nature  or  forui  in  our 
laboratories ;  indeed,  tliis  perfection  and  cqualitj  are  so  uncom- 
mon, tliat  the  figures  whieli  we  have  studied  can  hardly  Ira  on* 
ndercd  other  than  aa  ideal.  Crystals  arc  very  generally  distorted, 
and  often  their  forms  aro  so  much  disguised,  that  an  intimate  (b- 
roiliarity  with  the  possible  irregularities  is  required  in  order  to 
uaruvul  tlieir  complexities. 

Crystal)!  am  randy  tcnninatcd  on  all  sides,  one  or  more  of  tlio 
faces  being  obliterated  where  the  crystal  is  implanted  on  the 
rock,  or  where  it  is  merged  in  other  crystals.  Frequently,  also, 
some  of  the  faces  have  been  di!>pr(>|M)rtionat*.-ly  developed,  and  so 
much  BO  as  to  change  entirely  tbu  geneml  a^|)evt  of  the  crystal ; 
but  in  all  such  cases  the  relative  dint'tions  of  the  faces  remain 
constant,  and  we  can  always  ea^il\-  coiijitnii-t  tlio  ideal  form  which 
corresponds  to  the  ini]>(;rf<-ct  crystui,  by  pn>jrctiiig  it  on  pa[ier, 
and  placing  all  the  siniilitr  faces  at  e<iuiLl  distances  from  tlkC 
centre  of  the  crystal,  taking  care  to  pivservu  their  relative  di- 
rection. 

A  few  examples  will  give  an  idea  of  the  nature  and  extent  of 
these  irr^fularities. 

Tlie  commou  form  of  ainni  is  the  Dclalic<lron  of  the  mono- 
metric  system,  and  we  wtiucliinc.-  Iiml  [H'rfect  octahiHlrous  among 
tliu  niiniiti;  crvslaN  which  have  Ik^^'U  formi-d 
fnvly  in  tbi^  nitd-i  of  u  Mihition  of  tUo  Kilt; 
UM.  for  ex:ini)'li-,  ut  llic  end  of  a  tbrvud  ^us- 
jieiKhil  ill  llitr  liqiiiil.  Tliv  crvMuU  which 
fiinu  against  tli<-  >\>\''s  of  a  v>>m<'1  are  always 
innrv  or  b-o^  uniii'i]  with  I'ui-b  utUt-r,  mi  tJiat 
only  a  few  i»f  lln-ir  fuces,  am)  oometimes  only 
"«  I-*-  portions  of  tln-M?  fuces,  are  fn>e,     Fiif.  175 

represents  a  group  of  alum  cn'i'tids,  sm-h  as  is  found  in   tlie 
large  vats  in  which   tlie   salt  is  cryatalliied,  and  will   give  au 
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idea  of  the  mode  in  vliich  the  iadividiial  crystals  are  grouped 
togetlier. 

If  a  small  and  perfect  crystal  of  alum  is  placed  on  tlie  bottom 
of  a  vessel  filled  vith  a  saturated  solution  of  this  substance,  tlio 
crystal  will  gradually  enlarge,  and  in  a 
regular  manner,  on  all  sides  except  on  that 
on  which  it  rests.  Fig.  176  represents  a 
cry»:tal  which  has  been  thus  formed ;  the 
shaded  face,  mnp  qr  i,  being  the  one 
which  rested  on  the  bottom  of  tho  vessel. 
And  it  will  be  noticed  that  the  form  is  pre- 
cisely the  same  as  would  be  obtained  by 
removing  from  the  regular  octahedron  a 
Elice  parallel  to  one  of  its  faces. 

Frequently  the  growth  of  tho  crystal, 
under  such  circumstauces,  is  much  greater 
in  a.  horizontal  direction  than  it  is  in  the 
direction  perpendicular  to  tlie  face  ou 
which  it  rests ;  and  the  crystal  then  pre- 
sents an  appearance  similar  to  Fig.  177, 
in  which  the  two  faces  wliich  were  liori- 
tontal  in  the  solution  have  tho  same  form. 

We  sometimes  meet  with  octahedrons  belonging  to  tho  mono- 
metric  system,  which  have  tho  form  of  Fig.  178.    Four  of  the 
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faces  of  Uiis  octahedron  haT« 
been  abooriDally  developed ,  and 
BO  mucb  M>  tliat  ve  miglit  eren 
mistake  the  sjslcm  to  which 
the  ctTstnl  belong? ;  but  on 
measuring  the  intcrfacial  an- 
gles, we  eliould  find  that  titer 
were  all  equal  to  100*  28', 
which  is  the  angle  of  the  oct»- 
licdroit. 

Fig.  179  re|xeaent8  a  compound  form,  already  descriltcd.  con- 
sistiug  of  an  octaliedron  and  a  cube,  a  form  in  which  thv  nil- 
phide  of  lead,  faiena,  frequentlj  ciTstallizes.  Wo  somelimcf, 
also,  find  ciTstals  of  this  min- 
eral, having  the  form  ropre- 
sented  iii  Fig.  180,  which  we 
might  mistake  for  a  form  of 
tlio  dimetric  system.  It  ia, 
however,  the  same  furm  as 
tliat  of  Fig.  ITlt,  only  abnor- 
mally developed  in  the  direc- 
tiun  of  one  of  the  mos,  as 
could  easily  be  provtHl  by 
mcafiiring  the  intcrfacial  anple 
lid  bo  found  in  owrv  ca«« 


n(.i» 


between  any  two  faces,  o,  wliich 
10  be  109"  as-. 

The  common  form  of  qnartz  is  a  liexngonal  prism,  terminated 
by  a  hexagonal  pyramid.  The  interfucial  angle  between  any  two 
consecutlTe  prismatic  faces  is  iHf;  tliat  bulwcen  any  two  con- 
secutive pyramidal  fiicos,  1^*  40*.    Fig.  ISl  represents  a  perfect 
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crystal  of  this  form ;  but  it  is  varj  rarely  that  ire  find  crystals 
to  perfect,  unless  they  are  very  minute.  One  or  more  of  tiie 
bees  are  ustially  abnormally  developed,  and  forma  like  those 
represented  by  Figs.  182, 18S,  184  are  the  result!.  Here,  a  in 
the  other  case,  it  vould  be  fbuud,  on  measuring  the  intca-fiMdal 
tngtes,  that  tlicy  are  the  same  as  those  between  the  fiices  of  tlie 
r^^lar  form. 

In  the  oblique  system,  tlie  irregular  dcrelopment  of  fiicea  pro- 
duces even  greater  changes  in  die  general  aepect  of  the  cryBtal 
tlian  those  vhich  hare  been 
noticed.  Figx.  185  and  lg6 
represent  two  crystals  of  fot- 
■par  belonging  to  the  mono- 
clinic  Fystem,  which  have  ex- 
actly the  same  Cices,  but  very 
diSbrcntly  developed. 

Most  of  Uie  difficulties  in  the 
study  of  crystals  arise  from 
umilar  distortions  to  those 
which  have  been  described, 
and  it  requires  practice  to  be 
able  to  unravel  tlie  complex- 
ities which  tlioy  preseut.  This  practice  is  best  acquired  by 
studying  actual  specimens  whose  form  is  known,  and  comparing 
them  with  the  perfect  models  of  the  same  forms. 

(94.)  Groups  of  Crystals.  —  We  freqnently  find  two  or  more 
crystals  united  in  such  a  way  as  to  produce  a  symmetrical  com- 
bination. These  collections  of  crystals,  when  consiBting  of  only 
two  individuals,  are  called  twin  crystals.  Thoy  have  regular 
faces,  and  tlie  same  perfection  of  outline  and  angles  as  simple 
crystals,  for  which  they  might  sometimes  be  mistaken  by  un- 
practised observers.  "Diere  is,  however,  a  simple  criterion  by 
which  they  can  be  generally  distinguished.  Simple  crystals 
never  have  re-entering  angles ;  so  that,  whenever  such  angles 
occur,  there  must  be  present  on  the  specimen  two  or  more  indi- 
vidual crystals. 

Pig.  187  represents  a  twin  crystal,  consisting  of  portions  of 

two  octahedrons  united  at  the  plane  m  n  p  q,  which  is  parallel 

to  an  octahedral  face.    It  may  be  formed  from  the  regular  octa- 

bednm  (Fig.  188),  by  cutting  it  into  two  equal  ports  by  the 

15  • 
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pluia  mnp  9  r  t,  uni 
tlteii  rcrolTJiig  oiM  lialf 
on  the  axU  uniting  tlic 
centres  of  tlie  two  oc- 
taliodral  bees  Uirougii 
mu  angle  of  CO"  or  IMU*. 
wid  tlicn  uniting  tlic 
two  liolret  again  t>T 
tlio  Burfaees  at  vhic!i 
tlicy  were  ncpanied. 
Fig.  180  represents  a  common  form  of  tlw  crjrtitttls  of  gjrpnin 

(sulphate  of  Umo).     It  coiidistfl,  as  tho  ro-eutering  angle  sbovf, 

of  parti  ot  two  orjrstuls,  and  maj  be 

formed  by  cutting  a  complete  crystal 

(Fig.  190)  into  two  equal  porU  hy  tito 

plane  p  q  r  mno,  and  revoWing  one 

half  of  tlio  crystal  tliroiigh  an  angle 

of  185*,  on  an  axis  at  rigtit  angles  to 

the  i^ane  of  section,  and  tlien  again 

uniting  the  tvo  halves.     Twin  crys- 
tals liko  tliese   are  called  htmitropet. 

We   may  suppose   tliut  such  crystals 

were  formed  from  two  nuclei,  wliicli 

became  originally  uiiib.-d,  one  licing  ■ 

regards  the  other,  and  that  one  grew  only  in  one  direction,  and 

tlte  other  in  the  opposite  direction. 

In  t)K!  tri  met- 
ric system,  cruci- 
form crystals,  liko 
tlioso    represented 

nViff^VHSH  W^B9|ISI^hI  "^  ^'^T  common. 
— Ifi^^MM  mm^m^m^K^  j,j^  crystals  rep- 
resented in  titc 
figures  consist,  in 
each  case,  of  four 
nmplo  crystals.  For  a  fuller  development  of  this  cuhjoct,  we 
refer  tlio  student  to  DanaU  '*  Svstcm  of  Mineralogy,"  Vol.  I. 
p.  127. 

(05.)  Delermimitwm  of  CrgtlaU.  —  Iti  order  to  determine  a 


1  an  inverted  position  as 


Hi  ul 
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eiystal,  it  is  essential  to  ascertain  two  points :  first,  the  crystal- 
line system  to  which  it  belongs,  and,  if  not  of  tlie  monometric 
qrstem,  the  relative  lengths  and  incluiations  of  the  axes ;  sec- 
ondly, the  simple  forms  of  which  it  consists. 

When  tlie  crystal  has  been  regularly  formed,  a  simple  in- 
spection is  generally  sufficient  to  determine  the  crystalline  sys- 
tem to  which  it  belongs  ;  but  when,  as  is  most  generally  tlie 
case,  tlie  crystal  is  more  or  less  distorted  by  the  enlargement 
of  a  portion  of  the  planes  at  the  expense  of  others,  the  deter- 
mination of  the  crystalline  system  is  frequently  very  difficult. 
In  studying  out  the  crystalline  system  in  such  cases,  it  is,  first 
of  all,  important  to  distinguish  the  diffi^rent  sets  of  similar  planes, 
each  of  which  constitutes  a  simple  form.  The  following  hidica- 
tioDS  give  important  aid  in  this  respect. 

1.  Similar  planes  are  alike  in  lustre,  hardness,  striae,  what- 
ever may  be  the  variations  in  size.  For  example,  if  a  cubical 
eryBtal  has  like  striae  on  all  its  six  faces,  these  faces  are  all  simi- 
lar, and  the  form  belongs  to  the  monometric  system. 

2.  Most  crystals  may  be  split  (cleaved)  with  more  or  less  read- 
iness parallel  to  certain  of  their  faces.  This  property,  which  will 
be  considered  in  a  future  section,  frequently  enables  us  to  distin- 
guish similar  planes  when  the  crystallization  is  very  imperfect ; 
for  we  find  that  cleavage  is  obtained  with  equal  ease  or  difficulty 
parallel  to  similar  faces,  and  with  unequal  ease  or  difficulty  par- 
allel to  dissimilar  faces ;  and  again,  tliat  cleavage  parallel  to 
similar  planes  affi^rds  planes  of  similar  lustre  and  appearance, 
and  the  converse. 

8.  Planes  equally  inclined  to  the  same  plane  are  similar,  and 
planes  equally  inclined  to  similar  planes  are  similar. 

Having,  by  means  of  these  indications,  studied  out  the  simi- 
lar planes  of  tlie  crystal,  the  student  will  very  probably  be  able 
to  recognize  the  crystalline  system  at  once*;  but  if  not,  he  will 
generally  find  an  unerring  guide  to  the  system  of  crystallization 
in  the  modifications  of  the  crystal.  The  law  which  governs  these 
modifications  has  already  been  stated  (91),  and  the  mode  of  ap- 
plying it  is  evident.  If,  for  example,  we  find  a  cubical  crystal 
whose  basal  edges  are  diffisrently  modified  from  the  lateral  edges, 
we  know  that  these  edges  are  not  similar,  and  hence  that  the 
crystal  does  not  belong  to  the  monometric  system.  If  the  basal 
edges  are  all  modified  alike,  the  crystal  belongs  to  the  dimetric 
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sjBtem ;  but  if  only  tho  opposite  basal  edges  are  modified  alike, 
it  belongs  to  the  trimetric  system.  Tlie  following  table,  for  whidi 
I  am  uidebtod  to  Professor  Dana,^  will  aid  the  student  in  the 
examination  of  crystals. 


1.  All  edges  modifled  •like.        )  \r«--^w«*«.^ 
t.  An-K «  tninrmtud  or  np]M4xd  }       2^" 
bj  3  or  6  limiUr  planw.  )      o^*^ 

Namhcr  of  limilAr  planM  at  extremities  )  Hkxaooval 
of  oyttal  S  or  some  malUple  of  3.  )      Sjwtua. 

The  $uprriot 
b«ft«l  moairira- 
tii»ni  in  front 
mut  limiUr  to 
the  coirmpoml* 
ins  inferior  ia 
front  or  tuft- 
riar  behind. 


I.  All  t*\'.^f^ 
nd  moditicil 
Alike. 

S.  Tiro  t  or 
nofM  of  the 
an};l<ni  trunr. 
or  rrpl.  hy  3 
or  6  timilar 
pUnes. 


Namber  of 
fimiUr  pUmrs 
At  extremities 
of  CTfttal  nei- 
ther 3  nor  A 
maltiple  of  3. 


Two  adjaeaf  0€ 
two  approiximalM 
sim.  pL  impossible. 


Two  odjarmi  or  )  Movocuv- 
two      ajtpraiimaU  i  ic 

tim.  pi.  possible. 


I 
\ 


TBirLivic 
hjrticm. 


N.  B.  The  rii;ht  rhomboidAl  prism  on  tu 
hoidal  bese  msr  be  distinguishrd  from  the  other 
ri;;tit  pri<m  br  tlie  dissimiUr  modiflcAtkNis  of  ilA  Ia^ 
ctaI  Aod  IiasaI  edges  And  Angles. 


The  mil 
mo<lirioa- 
tions  in  front 
iimiUr  to  the 
corrc«pon«lini( 
infmor  in  frvnt 
or  saperior  be- 
hind. 


I.SimiUrplAiies 
At  earh  base  either 

4  or  S  in  nnmber. 
S.  All  Ut.  edf^es 

(if  modiAed)simil. 
tmne.  or  bereUed  } 

1.  SimfkurplAiies 
At  eAch  bAse  either 

5  or  4  in  Bomber. 
S.  All  Ut  edgri 

(if  roo«liAc«l)  not 
•imil.  tmncaied  or 
berelled  f 


Dimrraio 
8jni 


TBivrrmjc 
HfMeiB. 


Tlie  stud/  of  the  modifications  of  crystals  may  sometimes 
correct  dodiictioiis  from  measurements.  The  interfacial  angles 
of  crystals  are  liable  to  slight  variations,  not  generally  exceed- 
ing a  few  minutes,  but  in  extraordinary  cases  amounting  to  one 
or  two  degrees.  For  example,  cubes  of  common  salt  have  been 
observed  with  angles  of  92^  or  93**,  and  might  be  mistaken  for 
rhombohedrons,  were  it  not  that  the  distribution  of  modifying 
planes  indicated  tlie  perfect  similarity  of  the  edges  and  angles. 

Having  determined  the  system  of  crystallization,  it  is  next  im- 
portant, if  the  system  is  not  tho  monometric,  to  determine  tho 


•  Dara's  SrsMB  of  MiaerAlofj.  Vol.  I.  p.  I  S3. 

t  The  riMNBbohcdnMi  is  the  ovly  solid  inrlodrd  ia  this  dlTWoo,  Any  of  whose  iBgJM 
Admit  of  A  trvncAtkm  or  replAoemcBt  bj  thrte  or  %\x  pUacs. 
I  The  trrmioAl  edges  of  the  octAhedroBs  ats  here  trrmM  Uteml.  In  onler  thai 
Its  MA/  be  gBasTBU/  Applksblt  both  to  prisBii  Aod  octAhsdws 
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relative  lengths  and  inclinations  of  the  axes.  There  is  obviously 
a  direct  relation  between  these  values  and  the  interfacial  angles, 
and  this  relation  can  be  expressed  mathematically,  so  that  the 
one  can  be  calculated  from  the  other.  It  is  the  especial  object 
of  works  on  the  subject  of  Mathematical  Crystallography  to  ex- 
plain these  relations,  and  to  develop  the  formulae  by  which  the 
calculations  can  be  made. 

The  last  point  in  the  determination  of  a  crystal  is  to  ascertain 
the  simple  forms  of  which  it  is  composed,  so  as  to  give  the  sym- 
l>ol,  that  is,  the  parameters  of  each  set  of  similar  planes.  In 
many  cases,  the  forms  may  be  discovered  by  inspection  ;  but  in 
other  cases  the  exact  parameters  of  any  one  form  can  only  be 
ascertained  by  calculation  from  the  value  of  the  interfacial  an- 
gles, or  from  the  parameters  of  other  forms  already  known.  The 
method  of  making  these  calculations  is  also  explained  in  the 
works  on  Mathematical  Crystallography. 

(96.)  Use  of  Goniometers,  —  It  is  evident,  from  the  last  sec- 
tion, that  the  interfacial  angles  are  the  most  important  elements 
in  the  determination  of  crystals.  These  angles  are  measured  by 
means  of  instruments  called  Goniometers.  The  simplest  of  these 
instruments,  called  tlie  Common  or  Application  Goniometer^  is 
represented  by  Fig.  193.  It 
cousibts  of  a  semicircular 
arc,  graduated  to  half-de- 
grees, and  of  two  arms,  ar- 
ranged as  represented  in  the 
figure.  The  first  of  these 
arms,  a  6,  is  fixed  at  the  ze- 
ro division ;  but  the  second, 
d/,  turns  on  c,  the  centre  ''^^      Fig.iss. 

of  the  arc,  as  an  axis,  and 

indicates  on  the  limb  the  angle  of  the  crystal.  In  using  the  in- 
strument, the  faces  whose  inclination  is  to  be  measured  are 
applied  between  the  arms,  which  arc  opened  until  they  just  admit 
the  angle,  taking  care  that  the  edge  made  by  the  two  faces  is 
perpendicular  to  the  plane  of  the  instrument.  It  is  easy  to  de- 
termine when  the  arms  are  closely  applied  to  the  faces  of  the 
crystal,  by  holding  the  instrument  between  the  eye  and  the  light, 
and  observing  that  no  light  passes  between  the  arms  and  the  faces 
of  the  crystal.    The  two  arms,  ab  and  df  slide  in  the  slits  t  A;, 
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g  h^l  m^  and  can  l)o  shortened  at  pleasure,  a  proTirion  wliidi  10 
frequently  im|K)rtant  in  the  case  of  small  cr}'stab.  Moreover, 
for  measuring  crystals  partially  imbedded,  Uio  arc  is  jointed  at  I, 
so  that  the  |Mirt  a  t  may  bo  folded  back  on  the  other  quadrant. 
Sometimes  the  arms  admit  of  being  fie|)aruted  from  the  arc,  an 
arrangement  which  is  more  convenient  tlian  the  one  represented 
in  the  figure. 

When  a  regular  goniometer  is  not  at  hand,  approximate  results 
may  Iw  obtained  by  means  of  an  extenifioraneous  {lair  of  anus 
made  of  thin  sheet-metal,  mica,  or  even  of  card.  The  arms  are 
first  applied  to  the  faces  of  the  crystal,  as  already  descrilNnl ; 
then,  carefully  retained  in  their  relative  ]K)hition,  they  are  placed 
on  a  sheet  of  paf»er,  and  the  angle  is  laid  off  by  drawing  lines 
with  a  \Hii\cil  and  ruler  {mrallel  with,  or  in  the  direction  of«  each 
of  the  arms.  This  angle  may  then  lie  measured  by  means  of  a 
common  protractor,  or  a  scale  of  cords. 

The  common  goniometer  is  at  best  a  rough  instrument ;  for, 
even  when  delicately  used,  it  seldom  furnishes  results  within  a 
quarter  of  a  degree  of  the  truth.*  For  |K)lished  crystals  we  have 
a  much  su|>orior  instrument,  called  the  RrJIeriite  Goniomeirr. 
There  are  several  varieties  of  this  instrument,  but  we  shall  onlr 
descriln?  the  one  which  is  most  generally  used.  This  was  origi* 
nallv  devised  bv  WoUaston,  and  is  called  bv  his  name. 

The  prinriple  of  all  reflective  pmiometers  is  illustrated  by 
Fig.  11*4.     I/ct  a  b  c  he  the  section  of  a  crystal  made  by  a  plane 

p4T|iendicular  to  the  e<lge 

% 


formed  bv  the  intersectiiMi 
of  the  two  furo  w1k>m? 
angle  we  wish  to  meas- 
ure, and  a  h,  a  r^  the  Mic- 
tions of  the  two  faces. 
The  angle  n*quin»d  is  ev- 
identlv  the  same  as  the 
plane  angle  bar.  Ijci 
S  S  and  MM  l>e  two  iAh 
jects  at  some  distance  fnmi  the  crvstal,  which  mav  Iw  used  as 
signals.     The  eye  of  an  obs<»rvcr  at  O,  liHiking  at  the  face  of  tho 


nc  m 
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^  A  mofr  armrmir  fitrm  of  ih4*  Appli<*ation  ftoniomrtrr,  i|rTi«r<l  St  Att^lmmn.  b 
drvTiKeil  in  iHtfrrmiT**  "  Trvilr  de  Minrniluinr/'  Vul  1  Thit  inMnimrnl  bmt  aIm 
he  Med  M  A  RHIcrtiTv  Gonioaictrr. 
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eryst*!,  sees  &  reflected  image  of  the  upper  signal  in  the  direction 
0  Jtf,  and  coinciding  with  the  lower  signal,  seen  by  direct  vision. 
If,  now,  the  crystal  is  revolved  on  the  edge  whose  projection  is 
the  point  a,  until  it  assamee  the  position  a!  b"  &,  \i  ia  evident 
that  the  reflected  image  of  tlie  upper  signal  will  again  be  seen 
in  coincidence  with  the  lower  signal.  But  in  order  to  bring  the 
crystal  to  the  second  position,  it  is  obviously  necessary  to  revolve 
the  face  a  c  tlirough  the  arc  m  n  p,  which  is  the  supplement  of 
the  required  angle.  If,  then,  ve  can  measure  the  angle  through 
which  the  crystal  must  be  turned  in  order  to  reproduce  the  coin- 
cidence, we  can  easily  calculate  the  angle  of  the  crystal.  This 
(^ject  is  readily  accomplished  by  the  goniometer  of  Wollaston. 

The  instrument  consists  of  a  vortical  brass  circle,  L  L',  Fig. 
195,  ^wut  twelve  centimetres  in  diameter,  whose  axis  is  mounted 


on  a  firm  support,  p  q  r.  Tlie  circle  is  graduated  on  its  rim  to 
half-degrees,  and  may  be  revolved  by  means  of  the  milled  head 
V,  which  is  fastened  to  one  end  of  the  axis.  A  vernier,*  w,  per- 
manently attached  to  the  support  at  te,  indicates  the  angle  through 
which  the  circle  is  revolved,  and  also  subdivides  the  lialf-dcpreos 
into  minutes.     The  axis  on  which  the  circle  revolves  is  hollow, 


•  The  retnier  will  be  dcicribed  in  Ibe  chapter  on  Weighing  aod  Mcwuring. 
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and  thrmigli  it  i)a8se8,  with  eliglit  friction,  an  interior  axis,  a  e. 
At  ono  end  of  this  interior  axis  is  fastened  the  milled  liead  «,  by 
means  of  which  it  may  be  revglved,  and  at  the  other  end  tlie 
contriTances  for  supporting  and  adjusting  the  crystal,  s,  which  is 
fastened  with  wax  to  a  thin  metallic  plate,  d  c.  From  this  con- 
st niction  it  is  evident  that,  if  we  turn  the  milled  head  r,  the 
circle  and  crystal  will  \\o\\\  revolve ;  but  if  we  turn  tlie  milled 
head  x«  the  crystal  may  l»e  revolved  independently  of  the  circle. 
Any  distinct  horizontal  line,  such  as  the  Imr  of  a  window,  may  be 
used  for  the  up|)er  signal ;  and  for  the  lower  signal,  a  black  line 
drawn  on  white  paper,  placed  several  feet  below,  and  adjusted 
parallel  to  the  first. 

In  use,  the  instrument  is  placed  on  a  table  about  ten  or  twelve 
feet  in  front  of  the  signals,  and  adjusted  by  means  of  the  level- 
ling-screws,  until  its  axis  is  |»erfectly  horizontal  and  |mrallel  with 
the  lines  forming  the  signals.  The  crystal,  which  has  l)een  pre- 
viously attached  to  the  movable  plate  d  r,  is  next  adjusted,  so 
that  the  edge  of  the  interfacial  angle  to  Ite  measured  shall  exactly 
coincide  with  the  axis  of  the  instrument  pnNluccd.  This  is  tlie 
most  difficult  adjustment,  and  re<|uircs  some  skill.  The  cr}*stal 
should  first  l»e  bmught  into  place  as  nearly  as  possible  fiy  the 
eye,  either  by  shifting  its  [)<>sition  on  the  plate  rfr,  or  by  changing 
the  |H>vition  of  the  plate  by  means  of  the  axis  6  //  and  the  joint  s^, 
WImmi  appapMitly  ailju>ted,  tin*  eye  should  Im»  lirought  as  near  the 
cry»»tiil  as  [M>ssible,  and  directed  towards  the  lower  signal.  The 
niilird  liead  $  should  iM'xt  l>e  turned  until  the  iinagtM>f  the  up|ior 
signal  is  seen  reflected  from  one  of  the  faces,  which  inchnles  the 
allele  t«>  be  nieasuHMl.  If  the  crystal  is  jjcrfcctly  adju>tcd,  the 
iniuL^e  will  apjM'ar  borizontjil,  and  may  U*  bn»ught  into  |»«»rfi?ct 
coiiH'idence  with  the  lower  siirnal,  seen  bv  din*ct  vision.  If  there 
is  not  a  |>«Tfe4*t  coineidenee,  the  adjustment  must  U»  aIt«»nM|  until 
it  i"*  obtained.  TIh»  niilbMl  bead  is  next  revolved  until  the  n'tUv- 
tion  of  the  up|)er  signal  i«<  seen  in  the  .«:ec4)nd  face,  and  if  this 
inia^'  al>o  coineiib*^  witli  the  lower  si^'iud,  se^Mi  in  dir%»ct  view, 
the  adjustment  i*«  complete  ;  if  not,  the  adjustment  must  lie 
made  iN'rfect,  by  altering  the  |M)sition  of  the  plate  d  r,  and  the 
fip't  face  again  trieil.  A  f«*w  ^ucc«»s•«ive  trials  of  the  two  fao^ 
will  eiialtle  the  observer  to  olitain  a  |H»rfect  adjustment.  Wliou 
th*»  two  imaires  an*  i>«Tfectlv  horizontal,  the  tMlire  formetl  bv  the 
intersection  of  the  two  faces  must  be  |»arallcl  to  the  axis  of  tlie 
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circle,  but  it  will  not  necessarily  coincide  with  it.  A  slight  vari- 
ation from  exact  centring  in  the  position  of  the  edge  is  not, 
however,  of  importance,  when  the  goniometer  is  placed  ten  or 
twelve  feet  distant  from  the  signals,  so  that  this  adjustment  may 
be  made  sufficiently  near  by  the  eye.  The  method  of  adjustment 
which  has  been  described  depends  on  the  laws  of  reflection,  which 
will  be  explained  in  the  chapter  on  Light.* 

The  crystal  thus  adjusted,  the  angle  is  very  easily  measured. 
The  zero  division  of  tlie  limb  is  first  made  to  coincide  with  the 
zero  division  of  the  vernier.  The  eye  is  then  brought  as  near 
to  the  crystal  as  possible,  and  directed  towards  the  lower  sig- 
nal. The  crystal  is  then  revolved  by  the  milled  head  s  until 
the  image  of  the  upper  signal,  reflected  from  one  of  the  faces 
enclosing  the  required  angle,  coincides  with  the  lower  signal  seen 
by  direct  vision.  This  coincidence  obtained,  the  circle  and 
crystal  are  turned  together  by  means  of  the  milled  head  r, 
taking  care  to  keep  the  eye  in  exactly  the  same  position  until 
the  same  coincidence  is  observed  with  the  second  face.  The  angle 
through  which  the  circle  has  been  turned  may  now  be  read  off 
by  means  of  the  vernier ;  and  this,  as  we  have  seen,  is  the  sup- 
plement of  the  angle  of  the  crystal.  When  the  faces  of  a  crystal 
are  highly  polished,  we  can  determine  its  angles  by  means  of  the 
Wollaston  goniometer  within  a  few  minutes,  f  Unfortunately, 
however,  the  faces  of  most  crystals  are  not  sufficiently  polished 
to  give,  under  ordinary  circumstances,  a  distinct  image  of  the 
signal.  In  many  such  cases,  good  results  can  be  obtained  by 
making  the  measurements  in  a  partially  darkened  room,  and 
using  as  the  upper  signal  a  narrow  slit  in  the  screen  covering  one 
of  the  windows,  and  as  the  lower  signal,  a  horizontal  black  line 
drawn  on  the  casement  below.  The  slit  is  best  made  by  covering 
a  rectangular  aperture  in  the  screen  with  a  parallel  ruler,  which 


•  Another  metho<l  of  adju^tin^  the  poniomctor  and  the  crystal  is  de8oriJ)ed  by  Pro- 
fc^-sor  W,  II  Miller,  of  Canilnid^,  En«:land.  in  his  work  on  Crystalloirraphy,  and  also 
in  the  la>5l  e<lition  of  PhillipR's  Minenilocry,  lA)ndon,  1852.  This  method  is  jm'finihlo 
to  the  one  described  in  the  text  in  mo^^t  cases,  and  especially  when  the  crj-stals  are  mi- 
note  or  the  lustre  of  the  faces  dim. 

t  For  the  methods  of  rectifying  the  instrument  and  of  dotermininp  the  probable 
errors  of  measurement,  the  student  may  consult  Naumann,  Lchrbuch  dcr  reinen  und 
aogewandten  KrystalloRraphic.  Leipzijr,  1830,  Band  11  ;  Neumann.  Das  Krystallsys- 
tern  dec  Albites  (Abhandlungen  der  koniglichen  Akademie  der  Wisscnschaften  in 
Berlin,  vom  Jabre  1830). 
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may  bo  opened  more  or  less,  as  circumstances  rcquiro.  When 
Uie  faces  are  very  dull,  the  slit  may  be  illuminated  by  memiis  ol 
a  heliostat.  In  such  cases,  when  we  can  see  no  image,  wo  can 
sometimes  get  an  impression  of  light  imperfectly  reflected  from 
the  faces  of  the  crystal,  and  this  enables  us  to  measure  the  angle 
within  ten  or  twelve  minutes.  We  can  sometimes  render  Uie 
faces  of  crystals  reflecting,  by  fastening  on  them  very  thin  pieces 
of  mica  by  means  of  some  iuteri)osed  licjuid,  bucb  as  water  or  oil 
of  tur{)entine. 

The  Wollaston  goniometer  has  been  modified  by  RudU*rg* 
and  Mitscherlich,  f  and  the  instrument,  as  tlius  improved,  is  con* 
structed  by  Oertling,  of  Berlin.  The  modifications  con^i»l 
chiefly,  —  First,  in  an  improved  apparatus  for  centring  and 
adjusting  the  crystal.  Secondly,  in  substituting  for  the  di>taiit 
signals  cross-wires  at  the  focus  of  the  eye-piece  of  a  teIi*scope 
which  is  firmly  attached  to  the  stand  of  the  instrument.  The 
object-glass,  which  is  directed  towards  the  crystal,  is  k>  adjusted 
that  the  rays  of  light  emanating  from  a  lamp  placed  l>eforo  the 
eye-piece  and  illuminating  the  cro>s-wires  are  rendered  parallel 
before  they  strike  u{)on  the  face  of  the  crystal,  and  thus  produce  I 
the  same  eflfect  as  if  they  emanated  from  a  signal  ten  or  twelve 
feet  di^tant.  Thirdly,  in  tlinvting  the  eye  by  means  of  a  KHr«md 
telesco|K;,  furnished  with  cros>-wires,  whose  optical  axis  is  in  the 
same  plane  as  that  of  the  fn>t  t4'lrsoo|»e,  ami  is  |iaruIlol  to  tlie 
plane  of  the  graduated  cin*le.  In  u>ing  this  instniniont,  tlie 
cr\>tal  is  fir>t  can^fully  adjusted,  and  thon  tunaMl  until  the  iv- 
flcetod  iniatre  of  the  cross-wires  of  the  fir>t  t«d«»s<M>|ic  is  soi»n  to 
coinci«lo  with  those  of  the  second,  setMi  by  direct  vi^io||.  The 
whole  circle  is  then  turned  until  the  same  coincidence  is  obtaini*d 
with  the  image  n»fliTted  from  the  H»ci»nd  face.  The  angle  is  then 
read  ofl*  on  the  graduated  limb,  whieli,  in  the  large  gonitmietor 
constructed  by  0«*rtliiig,  is  divided  into  sixths  of  a  degnv,  and 
each  of  these  divisions  subdivided  l»v  a  vernier  into  sixths  of  a 
minute.  This  giMiiometer  giv«»s  very  accurate  measunMiient^ ; 
but  on  account  of  tlir  la^s  of  li^rlit  pHMluced  by  the  Iciim's,  it  can 
only  l>e  UM*d  with  crystals  wIh»>o  faces  are  highly  ]Mjlished.     lii- 

*  Vfir«(lila;:  ru  rin«*m  « rrtir»«rr1rti  IU'rtcxi4tn*;:iiniom<*tt  r  (Antialrn  drr  Iliit  SftJ 
ChMii   *ini  rn;:j.'»i»<l«»*f  IX.  •  517). 

t  AMi.  «lrr  kon.  .\Ium1.  dcr  Wim.,  Ucriin.  Isi5,  1M9.  A1m>  Dttfreooir.  Trmoe  4« 
Minrimlu|;ic,  Vol.  I. 
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deed,  it  is  seldom  that  such  nicety  is  required,  since  the  angles 
of  crystals  are  liable  to  accidental  variations  amounting  to  several 
minutes,  and  the  ordinary  WoUaston  goniometer  will  in  most  cases 
measure  the  angles  as  accurately  as  they  are  formed  by  nature. 

For  descriptions  of  the  various  forms  of  reflective  and  other 
goniometers,  which  have  been  proposed  by  Babinet,*  Haidinger,t 
and  others,^  the  student  is  referred  to  the  original  memoirs. 

(97.)  Identity  of  Crystalline  Form.  —  It  was  stated  in  (79), 
tliat,  with  certain  limitations^  the  crystalline  form  is  always  the 
same  for  the  same  substance^  and  we  are  now  prepared  to  under- 
stand what  the  limitations  are.  It  is  not  true,  in  the  ordinary 
acceptation  of  the  word,  that  the  same  substance  always  crystal- 
lizes in  the  same  form  ;  but  the  same  substance,  with  tlio  excep- 
tions hereafter  to  be  noticed,  always  crystallizes  in  the  same 
system.  Common  salt,  for  example,  usually  crystallizes  in  cubes ; 
but  when  it  is  crystallized  from  a  solution  containing  urea,  it 
takes  the  form  of  the  regular  octahedron,  or  else  a  compound 
form,  on  which  the  cube  and  octahedron  are  united.  Both  of 
these  forms  belong  to  the  Monometric  System.  So  also,  M.  lo 
Comte  .de  Bournon,  in  a  monograph  of  two  volumes,  has  do- 
scribed  eight  hundred  different  forms  of  the  mineral  calcit^  ;  but 
all  of  these  belong  to  the  Hexagonal  System.  When  a  substance 
crystallizes  in  the  Monometric  System,  the  relative  lengths  of  the 
axes  of  the  different  forms  must  necessarily  bo  the  same  ;  but  in 
the  other  systems,  the  relative  lengths  of  the  axes  of  the  different 
forms  of  the  same  substance  may  bo  different.  We  have  seen, 
however,  that  these  lengths  always  bear  to  each  other  a  very  sim- 
ple numerical  ratio  (compare  pages  143, 147, 150,  and  104),  and 
that  in  the  oblique  systems  the  axes  of  the  different  forms  of  the 
same  substance  have  always  the  same  relative  inclinations  (com- 
pare pages  104  and  108).  It  follows,  therefore,  that  when  we  say 
that  a  substance  always  crystallizes  in  the  same  form,  we  only 
mean  that  it  crystallizes  in  forms  belonging  to  the  same  system. 
The  number  of  possible  forms  in  which  a  given  substance  may 
crystallize  (although  it  is  restricted  to  forms  of  one  system)  is, 

•  DuWnov,  Traiu?  de  Mineralojpe,  Vol.  I. 

t  SitziingHberichte  der  mathcm.-naturw.  Classo  dor  kais.  Akadcmie  der  Wisscn- 
Khaftcn  zu  Wien.     Novemberhcfte  des  Jahrjfanpcs  1855. 

\  Suckow,  Vorschlag  zu  cincm  Goniometer  (Journal  fiir  prnktische  Chemic  von 
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of  coiirf«e,.  infinite  ;  hut  tlic  nuin)M*r  of  actual  forms  in  wliioh  it 
is  ohwn'rd  to  cr\>tullize  is  pMierally  very  limittMl, — t^i'Mom  ox- 
citMlinjr  two  or  thn»o.  Under  similar  cirrumstanrrSj  a  vriv«»u 
hul>>tanit;  ahnoht  inviiriahly  takes  the  same  fitrm ;  k)  that  titis 
form  !;«  one  of  the  mo>t  ehanicteristic  |)n>|>erties  hy  uhirli  a 
Mihstanoe  may  ))e  reco^rnizeil.  Moreover,  we  ul>o  find  that  in 
any  given  system  tlio  |M)ssihle  forms  of  a  buhstanee  are  hmiti^d 
to  either  hoh)hcdral  or  hemihednil  forms.  For  exani|ih\  we 
always  fin<l  imn  pyrites  crystallized  in  the  jwirallel  iM^mihrdnil 
forms  of  the  Monometrie  System,  and  jrray  coj^jht  in  the  i»Mit}ue 
hemiheilral  forms  of  the  same  svstem. 

m 

(1>H.)  Dimorphism  and  Polymorphism,  —  There  an*  *f\TraI 
suhstanees,  which,  under  widelv  ditferent  conditions,  mav  W 
made  to  crvstallizo  in  the  forms  of  twti  f^vstems,  an<l  a  fev 
which  mav  l>e  made  to  crvstallize  in  those  of  thn*«^  hvstems. 
Such  sul»stances  arc  said  to  be  dimorphous  or  jHtlymorphous. 
Sulphur,  ft»r  example,  at  the  onlinary  tem|H.*rature  of  the  air, 
crvstallizes  in  the  forms  of  the  Trimetric  Svstem;  hut  at  tlie  tein- 
|)eratuiv  of  ll^i*  C.  it  crystallizes  in  the  fonns  of  the  MoniK-linic 
Sy^tonl.  CarlN>n,  also,  is  found  in  nature  as  diamond,  wIiomI! 
crystals  lielon^  to  the  Mcmometric  System,  and  as  ^niphite.  wIiom 
crystals  lN*hin^  to  the  IlexapMial  System.  Apiin,  carlnMiate  ol 
lime  occurs  in  forms  of  the  Hexagonal  System,  when  it  i**  calhnl 
calcite  ;  and  in  f«»rms  of  tin*  Trimetric  Svstem,  mIm'u  it  i>  called 
arra^-ofiitt',  Lastiv,  titanic  acid  crvstallizes  in  the  ff>rni^  of  the 
Dimetric  Svstem,  in  which  a  :  h  ==1  :  0.r»44-  {rulih  )  ;  in  fonus 
of  the  same  sv>tem,  in  which  «:/;=!:  l.T7-i»  {antast  ) :  and 
also  in  forms  of  the  Trimetric  Svstem  (hrtntkUt  ), 

When,  however,  a  sul»stanci»  crystallizes  in  the  forms  of  differ- 
ent systems,  we  find  that  in  the  several  states  its  other  |  ropirti«> 
differ  as  widelv  as  the  forms ;  and  so  much  s<i.  that  it  mav  U> 
fpiestioned  wlieth«'r  they  4'an  pro|MTly  U*  n»^anlfd  a>  tlif  s;inie 
fru)»stances.  No  tw«>  suh>tanc«*s  couhi  differ  mon*  widely  than 
the  two  states  of  carlton  (diamond  and  frraphite):  and  ^inlihlr 
diffen»ncei*,  althou^di  not  quite  so  striking,  exist  U^tw^-i^n  the 
fiifferent  stat«»*«  of  otlier  sulManees.  It  U'comes,  then,  a  «|Ue"»tion 
of  considerahle  inten*st,  wh<»th«'r  thcM*  states  can  pn»|HTly  l»e  re- 
pinied  as  the  same  sul»stanee.  Hut  this  discussion  mu!*t  W  r\> 
bcrved  for  another  {Hirtion  of  this  work. 


THE  THBEB  STATES  OP  UATTEX. 


185 


Elasticili/. 

(99.)  Elasticity  of  Solids.  —  Having  considered  the  effect  of 
coliesion  iu  retoiuiiig  the  molecules  of  solids  in  &  determinate  po- 
sition with  reference  to  each  other  (79) ,  we  come  next  to  consider 
the  effect  of  this  molecular  force  in  determining  pheiiomcua  of 
elasticity.  It  has  been  stated  (77),  that  the  phenomena  of  elas- 
ticity could  bo  developed  iu  all  matter  by  compression,  and  that  in 
Bolitl  matter  they  could  also  be  developed  by  tension,  by  flexure, 
and  by  torsion.  The  laws  of  elasticity  iu  solid  bodies  may,  for  the 
most  part,  bo  developed  both  by  mathematical  analysis  and  by 
experiment ;  but  we  shall  be  obliged  to  confine  ourselves,  in  this 
work,  to  a  simple  enunciation  of  them,  referring  the  student  to 
tlio  works  on  Physics  which  have  been  previously  cited,  for  a 
full  development  of  the  subject. 

(100.)  Elasticity  of  Tension.  —  In  experimenting  on  the  elas- 
ticity developed  in  solids  by  tension,  we  suspend  tlio  rod  or  wire 
by  its  upper  extremity  to  a 
firm  supi>ort,  and  attach  ta  its 
lower  extremity  a  pan  to  re- 
ceive weight(Fig.  19G).  The 
elongation  caused  by  the  addi- 
tion of  weight  to  the  pan  can 
then  be  measured  by  means  of 
a  cat heto meter,"  If  the  elon- 
g-atiou  does  not  exceed  a  cer- 
taui  amount  for  any  given 
rod,  and  tlie  experiment  is  not 
continued  too  long,  tlie  rod 
will  resume  its  original  length 
when  the  weight  is  removed. 
If,  however,  the  elongation 
cxcec'ds  the  limit  of  elastici- 
tff,  or  if  the  strain  is  contin- 
ued beyond  a  limited  time,  a 
permanent  change  of  length 
and  bulk  will  ensue.  Wlien 
tlie   limits  of  elasticity  are 


*  Thii  [nMnnDent  will  b 


described  la  the  chapter  OQ  Weigbiog  uid  Mcuuring. 

16* 


18G  CHEMICAL  PBT8IC8. 

not  exco#*(KMl,  it  will  bo  found  that  tlio  following  laws  will  hold 
truo  ill  ull  exiierinients  of  this  kind. 

1.  7*Af  cioHf^aiioH  caused  by  an  incrrase  of  iension  is  the  same 
for  the  same  sublance^  trhairrrr  may  have  been  the  original  irm- 
sion.  For  example,  if  wo  ViV\^  cx|)tTimonting  on  a  hmI  of  in>n« 
w.>  ^hilll  find  that  the  elongation  cauM^d  hy  tho  addition  of  one 
kiln^nunino  to  the  fuin  is  the  same,  whether  tho  jMin  wax  U^fore 
empty,  or  was  loaded  with  fifty  kilogrammes  or  any  other  amount 
of  wt'ijrht. 

2.  The  ehhffation  is  proportional  to  the  increase  of  tension. 
If  tho  hkI  is  elongnt<*d  one  millimetre  hy  one  kilogramme,  it  will 
be  elongated  ten  millimetn*s  hy  ten  kilogramm<*s,  and  h>  on. 

3.  The  clofi^ation  is  projM^rtionai  to  the  len^-fh  of  the  rtnt, 
A  Ti.nl  of  the  («ame  huhstanee,  of  the  Mime  ^i7.e,  hut  twice  as  long 
as  another,  will  be  elongated  twice  as  much  by  the  same  incrvaao 
of  Weight. 

4.  7%<r  ehnf^ation  is  inversely  proportional  to  the  area  of  the 
section  made  at  rii^ht  angles  to  the  leni^'th  of  the  rtnl.  If,  for 
example,  two  rods  of  the  Miine  suhstanee  have  the  Mime  leii^rthf 
and  if  the  area  of  tho  fieetioii  of  the  fii>t  is  twice  as  great  as  that 
of  tlie  second,  it  will  only  be  elongated  one  half  as  much  by  tlio 
Nime  htniin. 

(lol.)  (\tejfirieni  of  Elasticity.  —  It  f«»llows  from  these  lawv, 
that  the  elongation  of  a  given  nxl,  which  we  will  repn*>ent  by  /, 
is  pn»|Mirlioiial,  rir>t,  to  a  coiiMant  ipiaiitity,  (*,  <le|iiniding  on  the 
nature  of  its  Mibhtance  ;  heeondly,  to  the  weight,  U),  by  which  it 
is  MP'tchtMl  ;  thirdly,  ti>  its  b*ii^'tli,  L  ;  and,  fourthly,  is  inver>ely 
pnifMirtioual  to  the  area  of  the  section,  *S.  This,  e^pre^M:d  in 
mathematical  language,  is 

/=  r.tt).  /.  .  J; 

,        ..to  A  ,,         IS 

>•  /-  to 

If  ill  tlii*M>  oi|uatii>ii!(  wc  |>ut  A'=a      ,  they  will  Uvoine, 

I  I     to  A  ,,  ..        /.  to  r....  , 

Thi**  f|u:iiility.  A',  in  ealbnl  the  e«M*ni(*i«*iit  of  elasticity.      If  in  tlio 
lik*'t  e«|uatiuti  we  put  I  ^  L^  tliat  is,  if  we  hUp|»oM^  the  elongation 
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to  be  equal  to  the  original  length,  ftndaliso  make  Sss  1  m.in.», 
the  equation  becomes  JT  =:  fiD ;  which  showd  that  the  coefficient 
<^  elasticity  of  any  homogeneous  substance  is  equal  to  the  abso- 
lute weight  required  to  double  tlie  length  of  a  bar  of  that  sub- 
stance, whose  section  is  equal  to  one  square  millimetre,  supposing 
such  an  increase  of  length  were  possible,  which  is  not  the  case 
except  with  threads  of  India-rubber.  The  following  table  gives 
the  coefficients  of  elasticity  of  a  number  of  metals,  as  deto 
mined  by  M.  Wertheim. 

Coefficients  of  Ela^icxty  of  Annealed  Metah  at  different  Temperatures, 


]5o  to  200. 

1003. 

2000. 

Lead, 

.     1,727 

1,630 

•     • 

Gold, . 

5,584 

5,408 

5,482 

Silver,     . 

.    7,140 

7,274 

6,374 

Copper, 

.       10,519 

9,827 

7,862 

Platinum, 

•  15,518 

14,178 

12,964 

Iron,  . 

.      20,794 

21,877 

17,700 

Cast-Steel,      . 

.  19,561 

19,014 

17,926 

English  Steel, 

.       17,278 

21,292 

19,278 

It  appears  from  this  table,  that,  as  a  general  rule,  the  coeffi- 
cients diminish  as  the  temperature  rises  from  15®  to  200**. 

M.  Wertheim  has  also  made  experiments  on  metals  which  have 
been  submitted  to  various  mechanical  agencies,  and  has  found 
that  all  circumstances  which  increase  the  density  increase  also 
the  coefficient  of  elasticity^  and  the  reverse, 

Tlie  coefficient  of  an  alloy  is  sensibly  the  mean  of  the  coeffi- 
cients of  the  metals  which  enter  into  its  composition,  even  when 
a  change  of  volume  accompanies  the  formation  of  the  alloy.  A 
current  of  electricity  diminishes  momentarily  the  elasticity,  inde- 
pendently of  the  diminution  caused  by  the  elevation  of  temper- 
ature which  it  produces. 

(102.)  Elasticity  of  Compression,  —  If  a  bar  is  compressed 
in  the  direction  of  its  length  by  a  force  acting  at  the  extremities, 
it  is  found  that  the  amount  by  which  it  is  shortened  is  exactly 
equal  to  the  amount  by  which  it  would  be  lengthened,  were  the 
force  applied  so  as  to  stretch  it.  It  follows,  from  this  equality  in 
the  effects  produced,  that  the  laws  of  elasticity  developed  by  com- 
pression are  the  same  as  the  laws  of  the  elasticity  of  tension. 

(103.)  Elasticity  of  Flexure,  —  The  simplest  case  of  elas- 
ticity developed  by  flexure  is  illustrated  by  Fig.  197.     It  repre- 
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scnU  a  rcctaiigiular  bar.  A  B, 
fovtviiud  at  Olio  of  itK  cxtrcmi- 
tics  ill  a  liorizontal  |iosilinti. 
If,  now,  wc  iircMii  uixm  tht-  (nv 

exireiiiity  of  tlie  !iar  at   H.  m> 

r%  w;  as  to  ciirrc  it  a  lilltv.  tlit-  l>ar 

vill  tend  to  return  to  it>  fii^t 
poailioii.  in  «oniiCf|iiencn  of  the  elasticity  dcrctoiKNl  br  tliv  H«-x- 
urc  ;  un<l  if  K-ft  to  itM.'lf,  will  resume  the  liorizontal  (WMitiun  aflor 
a  fvw  ofcillations. 

Tlic  claxtirilr  of  flexure  is,  in  preat  measure,  a  niixitl  i>fr<f-t  of 
tlie  eltthlirily  of  cnni|ircMtion  und  tension.  Since,  I'v  llie  lieuditig 
of  tliu  liar,  tliu  |iarticles  of  the  eonvex  surface  A  ft  arc  ilrawu 
a|>art,  wliile  tlio»e  of  the  cuucuvo  mrface  CD'  are  fon'a-d  to- 
gether, and  it  is  in  con8C(|ueiice  of  the  clu^lieity  tlins  deTclujiCf) 
tltat  llie  Itar  tends  to  return  to  its  oriffiuul  |>o»itiii».  Itnt.  more- 
over, tlie  jHirticles  of  the  bar  hare  clian^>d  their  |io;'ilioii,  indc- 
(tendenily  <if  the  clianffc  of  tlieir  relative  di^uiiices  n|uiri.  since 
tlie  jMirlicli's,  wliieli  were  [irevioiolr  siluuted  on  a  slraitcht  line, 
sro  now  on  a  eiir\'ed  line  ;  and  we  know  that  such  a  chunfie 
of  iMsilion  inuiit  be  atfcuniponied  willi  a  development  of  vU^ 
ticity.    . 

SurtiiifT  from  these  data,  the  laws  of  elasticity  of  flcxnn-  can 
lie  dcduct.'d  by  malhematicul  analysis.  They  arc  com|>ri<<'d  in 
Uie  fiiniiula. 


'  A'  6  r"' 


to=     ,,     :       [.IT] 


in  which  L  in  the  h-n^h  of  the  Uir  ;  tD,  the  weiffht  acting  |icr- 
fiendicularly.  and  t<>ndiii|i  to  Wnd  it ;  /*,  the  hn-adth  of  tin-  l«r 
measured  |ior)K-ndii-iiliirly  to  llic  din'ttiun  of  thi>  font- :  r,  ilie 
thickness  of  the  bar ;  h,  ihc  arc  di->cril>i-d  H  It  ;  and  A',  a  rtni- 
staiil  i|uaiitily  dcjiciidiiitr  on  it-  >ul»luiice.  If  in  [tlT]  «c  jiut 
/.  cc  1  in.,  A  =:  1  r.  III.,  r  ^  \  V.  ni.,  (1=1  I-.  111.,  it  Inviiiiico 
m  =  A-.  The  nnnil.  r  A  i>  calh-l  the  c.H-ffici.-iil  ..f  the  elas- 
ticity ..f  llexun-,  uinl  it  i-i  .•vi<l.-mly  ci|iiid  ti>  lb.-  w.-i^-ht  which 
will  U-nd  a  bar  of  ii  t;ivi-ii  suh^lmici-  one  nictn-  Imi);  and  one 
ccntiniftn>  M|uiin'  thnxiyh  on  an-  of  tiiie  ci-iitini*-in'.  When  tlie 
ralui-^  Df  II.  Ii.  r,  and  L  liave  Ui-n  dclemiineil  by  ex|N>riiiifiil  in 
the  caH>  (if  any  snll^tlulce,  tlie  value  of  A  for  tliis  subfrtancv  cau 
easily  be  colculaletl. 
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Equation  [67]  sliovs  that  tlio  flexure  of  tlie  bar,  or  a,  is  pro- 
portional to  tlie  force  tD-  It  follows  from  this,  that,  as  the  rod  is 
bent,  it  tends  to  restore  itself  to  the  position  of  equilibrium  with 
a  force  which  increases  with  the  distance  of  each  of  its  points 
from  tlicir  position  of  equilibrium.  Now  it  can  be  proved  that, 
when  this  condition  exists,  tlie  oscillations  wJiich  the  bar  makes 
in  returning  to  the  position  of  cqnilihrium  will  be  isochronous, 
wliatcrer  may  be  their  amplitude.  Hence  reciprocalljr  it  will 
follow,  that,  if  tlie  oscillations  of  such  a  bar  are  isochronous,  the 
condition  under  consideration  must  exist.  It  is  easj  to  verify  the 
isochronism  of  the  oscillations  experimentally,  because,  being  very 
rapid,  they  produce  a  sound  whose  pitch  depends  on  the  [lumber 
of  oscillations  in  a  second,  and  hence  in  any  cas^e  would  vary,  if 
the  isocln-onism  were  not  preserved.  Now  it  is  well  known  that 
Uiis  pitch  is  constant  for  a  given  bar,  whatever  may  be  the  ampli- 
tude of  the  oscillations  ;  and  thus  this  is  at  once  a  consequence 
and  a  proof  of  the  law,  that  the  flexure  is  proportional  to  the 
force- 
It  has  been  assumed  in  this  discussion,  that  the  section  of  the 
bar  is  a  rectangle,  and  that  the  force  is  applied  in  a  direction  per- 
pendicular to  one  of  its  sides.  When  these  conditions  are  not 
fullilled,  the  formula;  [67]  no  longer  hold  true.  It  has  been  alt-o 
assnmed  that  the  l>ar  retnrns  exactly  to  its  first  position  when  it 
is  freed,  or,  in  other  words,  that  the  flexure  does  not  exceed  the 
limit  of  clasticily. 

(104.)  Applications.  —  Almost  all  springs  —  for  example, 
watch-springs  and  carriage-springs  —  are  appli- 
cations of  the  elasticity  of  flexure.  The  bow 
is  another  example.  The  elasticity  of  a  hair 
cushion  is  duo  to  the  elasticity  of  flexure  devel- 
oped in  the  single  hairs.  The  spring  balance, 
Fig,  lVt8,  which  has  been  already  described  (71), 
is  an  application  of  the  law  that  the  flexure  is 
proportional  to  the  weight. 

The  elasticity  of  flexure  has  been  applied  by 
Bourdon  in  the  constniction  of  a  metallic  ma- 
nometer and  barometer,  which  bear  his  name. 
It  is  a  familiar  fact,  that,  if  we  force  air  into 
a  flexible  tube,  closed  at  one  end,  which  is 
flattened  and  coiled  up  on  its  flat  side,  the  pressure  tflnds  to 
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QDCoil  it ;  and,  on   tho  other  hand,  that,  if  wo  exlumot  the 

air,  tJio  cxtorior  jireuure  tonds  tu  coil  it  still  Turtlivr.     It  tho 

tubo  is  aim)  clastic,  it  is  evident  that,  when  tlio  pressiiro  is  ■«• 
moved  or  reeton-d,  it  will 
return  to  its  furnivr  cimdH 
lion,  provided  that  tlw  lim- 
its of  clftatieily  aro  not 
IHiftHMl.  Thcvc  fucta  an 
the  basis  of  the  two  iiictru- 
■ncuts  ropreMiittid  in  Ft^. 
IIW  and  200. 

Tho  chief  olywil  of  the 
maiwiHfifr  (Fi([.  !*.•*.•)  ia  to 
nioaKuro  the  prejisnrv  exert- 
ed bjr  conrined  steam,  al- 
tliougli  it  might  l>e  tiM>d  for 
an;  bimilar  pur|)UM!.  It 
conxists  of  an  cliL>'ti(-  lulpe. 
a  b,  made  of  lirasy,  and 
cuitcd  aa  n'jtreiwnlvd  in  the 

figure.     A  MCtion  of  thin  lube  is  reprcwntod  ut  >".     Thf  end  of 

the  tube,  n,  is  fimilr  fuNtfiued   to  tin;  xtoficock,  m,  by  whii-h  it 

connectN  with  the  stuuni-lioiliT.     To  the  cloM-d  end  of  tho  lube, 

b,  in  Qttochi-d  a  hand,  i',  which 

moves  over  an    index.      As  the 

pressure  of  the  !-leani  on  the  inte- 
rior surface  of  the  tnU-  increoKOs. 

it  gradually  nrn-oils.  and  (ho  hand 

point*  to  the  nnniU'r  of  almow- 

pberes  of  pre»«irt!.     When  tlio 

pressure   IH   n'n.ovtil,  the   tnlw, 

in  virtue  of  itit  ela^ticily.  nf  nnieit 

itp  orifrinal  |H>^itlun.  and  1)k*  hand 

poinlii  to  tlie  fir^t  divi>iun  of  the 

Kale. 

The  btintmftrr  ( Kig.  2O0)  i»  a 

more   delicate   iii'lniUM-nt,   cim- 

stnii-ted  on  the  Nime  principle. 

The  Inho  is  liere  elo-e«l  at  Iwth  ends,  an<)  when  the  prevure  of 

the  atoKMpIicre  U  jukt  equal  to  ttic  lenoiun  of  tlic  confined  air,  it 
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IS  in  the  condition  of  eqitilibriiim.  When,  however,  the  presiiure 
of  the  stmoephere  diminishes,  there  is  an  excess  of  pressure  oa  the 
interior  surface  of  tlie  tube,  and  it  tends  to  uncoil ;  on  the  other 
band,  Then  the  atmospheric  pressure  increases,  there  is  an  ex* 
cess  of  pressure  on  the  exterior  surface,  and  the  tube  tends  to 
coil  still  more.  As  constructed,  the  air  is  partially  cxliatisted 
from  the  tube,  and  hence  the  pressure  of  the  atmosphere  always 
tends  to  coil  it  more  or  less,  as  compared  witli  the  condition  of 
equilibrium.  The  tube  is  fasteued,  at  the  middle  of  its  length,  to 
the  upper  part  of  the  instrument,  and  its  free  ends  are  connected, 
by  the  metallic  threads  a,  b,  with  the  hand,  which  serves  to  mul- 
tiply the  motion,  while  a  small  spiral  spring,  c,  causes  the  needle 
to  follow  with  accuracy  any  change  of  position  in  the  ends  of  the 
tube.  The  arc  is  graduated  to  correspond  with  a  mercurial  ba- 
rometer, and  denotes  the  numtier  of  centimetres  of  mercury  to 
vhich  the  atmospheric  pressure  corresponds. 

(105.)  Elaxticity  of  Torsion.  —  It  is  a  fact  of  frequent  obser- 
TfttJon,  that,  when  a  metallic  wire,  a  b  (Fig.  201),  fastened  at  one 
end,  is  twisted  by  a  force  applied  at  the 
other,  it  strives  to  return  to  its  original 
position,  and  when  free  returns  to  this  po- 
sition, after  having  made  a  number  of  os- 
cillations. This  of  courso  supposes  that 
the  strain  has  not  exceeded  the  limit  of 
elasticity. 

It  is  easy  to  see  how  elasticity  is  devel- 
oped in  a  wire  by  torsion.     Suppose  m  n. 
Pig.  201,  to  be  a  lino  of  particles  parallel 
to  the  axis  of  the  wire  wlien  in  a  state  of 
equilibrium.    It  is  evident  that,  when  the 
wire  is  twisted,  these  particles  will  be  dis- 
tributed on  the  helix  m  n' ;  but  in  order  to 
assume  this  position,  the  distances  between 
tlie  successive  molecules  must  be  increased, 
which  will  develop  the  elasticity  of  tension. 
ticity  is  also  developed  by  the  fact  that  the  particles  resiist  any 
change  of  position,  even  when  the  relative  distances  are  pre- 
served. 

The  angle  a,  through  which  a  radius  of  the  lower  base  of  the 
wire  is  turned,  is  termed  the  angle  of  torsion.    The  force  wliich, 


n|.icii. 
Besides,  this  elas- 
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applied  at  the  extremity  of  a  lerer  equal  to  the  unit  of  length 
and  pcqiendicular  to  the  wire,  will  maintain  it  in  a  [lOKitioD 
which  corresponds  to  a  certain  angle  of  torsion,  is  called  the 
force  of  iorsioH.  And  when  the  angle  of  torsion  is  such  tiiat  the 
arc  described  hy  the  extremity  of  the  lever  is  also  equal  to  uuity, 
the  force  of  torsion  is  called  (he  coefficient  of  torsion. 

The  laws  of  the  elasticity  of  torsion  were  investigated  by  Cou- 
lomb, and  are  expressed  in  the  following  formulss :  — 

or 

f  ^  "ay  J  ;  [69.] 

which  apply  to  tlie  case  represented  in  Fig.  201,  of  a  cylindrical 
woiglit  suspended  by  a  cylindrical  wire  to  a  fixed  support,  a,  so 
that  the  axis  of  the  cylinder  and  the  wire  corres|K)nd.  In  this 
caM!,  ir  represents  the  weight  of  the  cylinder ;  r,  its  radius ;  g'^ 
the  force  of  gravity ;  F,  the  coefficient  of  torsion  of  the  wire ; 
and  /,  the  time  of  the  oscillations  which  the  cylinder  makes  ou 
its  axis,  in  returning  to  the  state  of  rest  after  the  wire  has  lieen 
twisted.  The  laws  of  torsion  discovered  by  Coulomb  are  as 
follows. 

1.  The  force  of  torsion  is  proportional  to  the  an^le  of  torsion. 
In  order  to  establish  this  Inw,  Coulomb  made  ex|M'riuients  on  tlie 
oscillations  of  the  weight  W  ou  its  axis  caused  by  the  tor>ion  of 
the  wire,  using  wires  of  ditTerent  Mibhtanccs,  and  loading  thorn 
with  different  weights.  He  found  that  in  each  case  the  tini«*?i  of 
the  oscillations  were  inde|iendent  of  the  amplitudes,  or.  in  t»tber 
wonls,  that  they  were  isochnnious ;  and  it  can  n'mlily  U*  shown, 
by  the  same  course  of  reasoning  used  in  ( 1U*>),  ih  n*gard  i«»  the 
elasticity  of  flexion,  that  the  law  is  a  necessary  consequence  of 
this  fact. 

The  i«ochmnism  of  the  oscillations  causetl  by  torsion  is  ex- 
pres!M*<l  by  [^»>^],  since  the  value  of  the  second  memlwr  of  the 
e<|uatioii  is  inde|H5ndent  of  the  amplitude. 

2.  The  force  of  torsion  is  indejHmUnt  of  the  tension  of  the 
trire.  It  has  lHH»n  pn>ved  by  ex|»erim«*nt,  that  the  Hpiare  of  Uie 
time  of  oscillation  is  pro|)ortional  to  the  weight,  \l\  or,  in  other 

words,  that  -jf  i»^  ooustaut  quantity ;  and  bcuce  it  follows,  that 
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the  Tolue  of  F  [69]  ia  not  changed  by  any  Tariation  of  the 
weight. 

The  coefficient  of  toreion  depends  upon  the  substance  of  the 
wire,  and  also  upon  its  diameter  and  its  length,  it  being  inversely 
[Htiportional  to  the  length  and  directly  proportional  to  the  fourth 
power  of  the  diameter  of  the  wire. 

(106.)  Applications  of  the  Elasticity  of  Torsion.  —  One  of 
the  most  beautiful  applications  of  the  laws  of  torsion  is  tlie  tor- 
sion-balance, contrired  for  measuring 
the  intensity  of  feeble  attractive  and 
repulsive  forces.  One  form  of  this 
balance,  which  is  used  for  measuring 
the  intensity  of  tlie  attractive  or  repul- 
sive force  between  electrified  bodies,  is 

represented  in  Fig.  202.     The  general 

structure  of  the  apparatus  is  evident 

from  the  figure,  and  does  not  require 

description.    The  most  essential  part 

of  it  is  a  fine  silver  wire,  attaclied, 

at  its  tipper  end,  to  tlie  brass  circle 

e,  and  from  tlie  lower  end  of  which 

is  suspended  a  shellac  needle.  The 
circle  e  is  movable,  and  turns  on  the 
cap,  which   is   cemented  to  tlic  glass  f,^  202 

tube  d.     This  circle  is  graduated  on 

the  exterior  rim  into  degrees,  and  the  index-mark  at  a,  which  is 
fastened  to  the  cap,  indicates  tlie  angle  throngh  which  the  circle  e 
has  been  turned.  The  glass  tube  also  turns  in  a  brass  socket, 
which  is  cemented  to  the  glass  cover  of  the  apparatns.  The  re- 
pulsive or  attractive  force  between  the  two  electrified  balls  m  and 
n,  is  measured  by  tlic  angle  through  which  it  is  necessary  to  twist 
the  wire  (by  turning  the  circle  e  ),  in  order  to  balance  it,  the  force 
cierted  being  always  proportional  to  the  angle  of  torsion.  A 
modification  of  the  torsion-balance  was  employed  by  Cavendish, 
and  subsequently  by  Bayly,  in  the  determination  of  the  density 
of  the  earth. 

(107.)  Limit  of  Elasticili/.  —  It  has  been  several  times  stated 

in  the  previoas  sections,  that  the  laws  of  elasticity  only  hold  true 

so  long  as  the  strain  does  not  exceed  the  limit  of  elasticity,  and 

it  was  stated  in  section  (77),  that,  within  more  or  less  narrow 

17 
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limits,  nil  Folids  were  perfectly  elastic.  The  phenomena  of  c 
ticity  may  l>c  develo|>cd  by  torsion  in  those  substances  which  foc 
the  nioht  dc^titnte  of  this  proficrty.  Thus,  if  we  take  a  leadcu. 
wire  two  millimetres  in  diameter  and  three  metres  long,  fix  one 
end  of  it  firmly  to  the  ceilinpr,  and  fasten  an  index  to  tlic  otiier, 
it  will  lie  ftmnd  tbut,  if  we  twiht  the  wire  twice  round  and  lei 
it  go,  it  will,  after  a  numl>er  of  oscillations,  come  to  ri'^l  in  its 
original  |M>Mtion  :  hliowing  that  tlie  elasticity  in  this  leaden  wir« 
is  iK'rfeot  u|i  to  the  ]>oint  mentioned.  Rut  if  we  twif»t  tlio  wire 
four  times  inhtead  of  two,  it  will  not  return  to  its  (ir^t  poMtioo, 
but  to  a  position  short  of  that  by  nearly  two  revolutions.  Tlie 
{Mirticlcs  of  a  leaden  wire  of  this  length  and  thickness  will  bear 
a  dihplacemont  measured  by  two  revolutions  of  tlie  index  ;  but 
the  di>plarement  occasioned  by  four  turns  is  more  tlum  its 
jMirticlcs  can  l»ear,  and  they  remain  {icrmanently  displaced, — 
the  wire  having  taken  what  is  technically  called  a  set.  So 
also,  a  thin  cylinder  of  pi|HM:lay  (which  is  generally  ci>nsid« 
ered  as  do^tittlte  of  elasticity  as  almost  any  substance  can  be) 
shows  tilt*  cxi>tence  of  elasticity  as  |>erfLH*t  as  can  Ik;  found  in  tiie 
bcst-tem|)ercd  steel ;  but  here  again  the  limit  of  elasticity  is  soon 
reached.  A  steel  win),  similar  to  the  lead  one  just  mentioned, 
might  be  twisted  a  great  many  times  In^fore  its  particles  would 
n*i*cive  such  a  set  as  to  prevent  it  from  completely  untwisting 
ag-ain;  btit  after  it  had  Invn  twistfMi  a  ctTtain  numlier  of  tiiue«, 
the  limit  (»f  it*i  elasticity  would  In*  |»asse<l,  and  it  w<mld  not  come 
to  n'^t  ngsiin  at  its  first  |iositioii. 

The  same  phenomena  apfM>ar  in  nil  the  cases  we  have  studicNi. 
A  win*,  wbieb,  wlh'ii  ^l^•teh«•d  by  a  light  weight,  will  n^unie  it« 
original  length  when  the  weight  is  n'nioved,  will  l»e  {>ennanently 
lenglhene<l  if  the  wri;:bt  exeiM-ds  a  limited  amount.  So  aln)  t 
ftifl  spring,  if  U'nt  U'vond  a  certain  |H»iiit,  is  forced^  and  nv 
mains  |N*rmaiieiitly  InmU  to  a  greater  or  b'ss  extent. 

It  is  a  n'nmrkabb*  fact,  that  even  when  the  limit  of  elasticitr 
has  U^en  exeet'diMl,  mi  that  the  |iartiel<'s  have  taken  a  pi^rnianent 
set,  the  (*histieitv  of  the  \khole  mass  n^niains  the  same  as  lieftire. 
Thu«,  nben  a  win*  has  Wv\\  |NTnian«'ntly  lengthened  by  a  frrrat 
strain,  it  is  as  |i«*rft*etly  elastie  in  its  new  condition  as  Ivfore, 
rwidilv  nM*overinir  fn»m  the  elTects  of  huialler  drirn**^  of  extcn- 
Mon.  So  also  it  was  found  by  ('oubmib,  that,  after  he  had  given 
a  $ei  to  the  h*ad   wire  already  rvferriHl  to,  by  twisting  it  four 
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^times  round,  the  wire  was  as  elastic  in  its  new  condition  as  be- 
fore, requiring  the  same  force  to  give  it  a  further  twist,  and 
Tecovering  itself  as  completely  when  that  force  was  withdrawn. 

The  limits  of  elasticity  have  been  determined  only  in  the  case 
of  the  elasticity  of  tension.  The  method  of  experimenting  was 
to  take  wires  of  any  length,  but  whose  section  was  equal  to 
one  square  millimetre,  and  to  determine  the  amount  of  weight 
required  to  extend  them  permanently  0.05  m.  m.  for  each 
metre  of  length.  This  investigation  was  more  difficult  than 
would  appear,  on  account  of  the  fact  that  the  duration  of  the 
strain  has  an  important  influence  on  the  permanent  elongation 
which  results ;  for,  when  once  commenced,  tliis  elongation  slowly 
increases,  and  although  it  may  not  bo  sensible  at  the  end  of  a  few 
minutes,  yet  after  several  hours  it  may  become  very  evident. 
Tliis  principle  is  illustrated  by  the  well-known  facts,  that  the  best 
springs  are  worn  out  with  long  use,  that  the  beams  of  floors  bend 
little  by  little,  and  that  buildings  settle  with  time.  The  limit  of 
elasticity  is  not,  therefore,  a  value  which  can  be  rigorously  de- 
termined, and  hence  the  numbers  in  the  following  table  must  be 
regarded  as  only  approximate. 


Ifttela. 

Limit  of  XlMtldtj. 

TWittcltj. 

Tjn^A                             Drawn, 
^^^^  •      •      •     •      \  Annealed, 

'     *      *      '      '       1  Annealed, 

^^^'-      •      •      •      lAimeried,*    .    '     .   ' 

o-,                                  j  Drawn, 

Silver,      ...      1  Annealed,      .        . 

.  ^                                 (  Drawn,     . 
«^*^  >    •      •      •      1  Annealed, 

1  Til  .•                             i  Drawn,     . 
Platinum,     .     .      |  a„„,^,^^     .       . 

;  y                        ■            (  Drawn,     . 
Iron,   ....      ^Annealed.     . 

k. 
0.25 
0.20 
0.10 
0.20 

13.00 
3.00 

11.00 
2.i0 

12.00 
3.00 

26.00 

14.00 

32.50 
6.00 

55.60 
5.00 

k 

2.50 

1.90 

2.45 

1.70 
27.00 
10.08 
29.00 
16.02 

40.30           • 
80.54 
34.10 
23.50 
61.10 
46.88 
80.00 
65.70 

(108.)  Elasticity  of  Crystals,  —  In  most  crystalline  solids 
the  elasticity  is  not  the  same  in  all  directions,  as  is  shown  by  the 
phenomena  of  cleavage  (110).     By  a  beautiful  application  of  the 
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|)rinci|>lei  ot  acoustica,  SaTart*  has  detcnnioed  in  a  tew  in* 
KUiicc!!  tlio  dilicroucea  of  elasticitjr  which  the  mom  crysub 
present,  when  examined  on  diflerent  lines  of  direction  with 
rcfererico  to  their  crjrBtalline  axes.  As  neither  the  methods  nor 
t!ic  results  of  his  invuiitigatioiiB  could  he  made  tutellifrihle  in 
this  connection,  wo  niUBt  refer  tlie  student  to  the  memoirs  cited 
In>Iuw.  These  differences  of  elasticity  in  ciystals  gire  ri(«  to 
Mimo  of  the  most  bcauliful  phenomena  of  optics,  and  vc  shall 
liave  occasion  tu  refer  to  tho  Kubject  again  in  that  connecti<Hi. 

( lOU.)  Co/lhioH  of  Elanlic  Bodies.  —  Tlie  eflecU  of  collision, 
described  in  (41),  are  greatly  modified  when  tlie  l>odies  are  elas- 
tic, and  in  a  way  which  it  is  in- 
portant  to  study.  Let  iis  tliea 
suppose,  in  order  to  make  the 
case  simple,  thut  the  Iwdies  are 
two  elastic  spheres,  a  and  h. 
Fig.  20:1,  with  different  maMe*, 
M  and  M\  which  are  moving  in 
the  same  direction,  from  left  to 
right,  with  the  Telocities  0  and  0'  rc- 
sptvlircly,  I)  being  greater  than  fV. 
When  the  lialls  come  Iiigollier,  thoy  will 
fluttcn  fueh  olhirr  (Fig.  '20-1  >,  until  the 
Vi'loeitifs  of  the  two  InH.'ome  equal.  If 
tt»!  \nn\ws  are  wift,  thiit  tialtoiiiiig  will 
Ih.'  |K>rmiinei)t,  and  iho  Uills  will  move 
on  ((^'thcr  with  a  vclitcily  which,  ns  we  hare  found,  [33,]   is 

U     =         MJ^M       •  I -'J 

If  the  bo*iie<<,  on  the  i-ontrnry,  nn-  i-hislic.  and  tho  limit  of  pla«- 
lii-ily  is  not  exen-di'd  durinjr  tlw  iin|Mict.  wo  havo  tho  sunn-  n-.idt 
as  >N-f<iro  up  to  Itie  moniont  <>f  pn-nto^t  llnltoiiiiig,  and  nt  ihit 
ni'inicnt  Ih.-  vfli«-iiy  is  ll",  a-"  eiv.-n  «Im.vo.  But  after  this  ni<imont 
a  now  s«'t  iif  phonomona  np|M'»r«.  Tho  |w<i  hnll<<  thus  HutU'ne<l 
ael  ns  spring)',  and  in  n-snniini;  thoir  nriginnl  furm  ini|tart  rorip- 
nxnlly  to  oiicli  nthor  as  nunh  innmeiiluni  as  was  rsjicnded  in 
pnxhu-ing  tho  compresoiim.     .\t  tho  moment  of  gniitci't  c"m- 

■  Annaln  ir  ChknK  rt  <lr  ni*Ni|v.  V  Rene.  Tom.  XL      Alw  Da(MM7.  Tmi' 
4t  Muwnloct*,  Ton  I.  p.  tn 
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pressiou,  it  is  evident  that  the  ball  a  has  lost  in  velocity  an 
amount  equal  to  t)  —  i)' ;  and,  on  the  other  hand,  tlie  ball  b 
has  gained  in  velocity  an  amount  equal  to  b"  —  t)'.  In  recover- 
ing its  form,  the  ball  b  tends  to  drive  a  to  the  left,  and  therefore 
to  retard  its  motion  ;  and,  on  tlie  other  hand,  the  ball  a  tends  to 
throw  b  forward^  and  therefore  to  accelerate  its  motion.  More- 
over, by  the  principle  just  stated,  tliis  retardation  and  accelera- 
tion will  be  just  the  same  as  that  caused  between  the  first  contact 
of  the  balls  and  the  moment  of  greatest  compression.  Hence, 
after  the  impact,  the  velocity  of  a  will  be  diminished  by  an 
amount  e^ual  to  2(t)  —  b'O^  ^^^^  ^^^^  of  b  increased  by  an 
amount  equal  to  2  (\)"  —  t)')-  Representing,  then,  the  veloci- 
ties after  the  impact  by  t)o  and  t)„  we  have 

ti,=b— 2(b— b"),  and  b.=b'  +  2(b"— bo.  [70.] 

Subtracting  the  second  of  these  equations  from  the  first,  we  ob- 
tain 

bo  —  bi  =  b'  —  b.  [71.] 

This  equation  shows  that  the  difference  of  velocity  is  the  same 
after  the  impact  that  it  was  before ;  but  the  relation  has  been  re- 
versed, the  velocity  of  a  being  now  less  than  that  of  6.  Hence 
it  follows,  that,  after  the  impact,  the  two  balls  will  recede  from 
each  other  as  rapidly  as  they  approached  each  other  before ;  and 
this  is  true  in  every  case  of  the  impact  of  two  spheres,  when 
both  are  perfectly  elastic.  In  order  to  find  the  actual  velocities 
after  impact,  we  have  only  to  substitute  in  [70]  the  value  of  b" 
given  by  [23],  when  we  obtain 

.    _  (M—  M')  b  +  2  3r  b^ 

and  [72.] 

L.  _  {M'—M)  b'  +  23/b 

In  obtaining  these  values,  we  have  supposed  that  both  balls  were 
moving  from  left  to  right,  the  mass  M^  whose  velocity  is'  the 
greatest,  being  at  the  left  of  the  other.  The  same  formulae,  how- 
ever, hold  true  for  all  cases  of  direct  impact ;  except  that,  when 
one  of  the  balls  is  moving  from  right  to  left,  the  sign  of  its  velocity 
must  he  changed.  A  few  examples  will  illustrate  the  application 
of  the  formulas. 

17* 
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Iici  US  8uppo80,  then,  for  the  first  case,  that  tlie  masaes  of  tha 
two  bulls  are  equal,  and  that  the  ball  b  is  at  resit.  We  ^hall 
then  have  M'  =s  J/,  and  b'  >»  0.  Substituting  tlieso  ralues  in 
[72],  we  have 

U  =  0,  and  bi  =  b.  [TS.] 

Hence,  after  the  impact,  the  Imll  a  remains  at  rest,  and  the  ball 
b  moves  on  with  the  velocity  which  a  had  before  tlie  impact. 

Li*t  us  Kupiiose,  as  the  second  case,  that  the  masses  arc  equal, 
and  that  the  motions  are  in  oppos^ito  directions,  that  of  a  pool* 
tivc,  and  that  of  b  negative.  We  shall  then  have  AI'  »=  Jf,  and 
\y  =  —  b'.     Substituting,  we  obtain 

b.  =  — b'^  and  b, —  b.  [74.] 

Here,  after  the  impact,  the  ball  a  will  move  from  ri^ht  to  Ifft 
with  the  previous  velocity  of  ^,  and  b  will  move  from  loft  to  ii;:ht 
witli  the  previous  velocity  of  a ;  an<l  in  general,  trhcH  the  masses 
are  equals  the  tiro  spheres  trill  interchan*^e  velocities. 

I/Ct  us  ^up|)ose,  as  a  third  caye,  that  the  velocities  are  Ci]ual,  and 
the  motions  in  opiH>site  directions,  as  l>efore  ;  and  further,  that 
tlie  niu>s  of  b  is  greater  than  that  of  a.  We  then  have  b  &= —  b, 
and  ^V'  >  M.     Substituting,  we  obtain 

In  this  ra^'O,  aftor  the- impact,  the  bull  a  must  always  move  fmm 
right  t<*  Irft,  when,  as  hup|N)se<I,  M'  ^»  -V.  It  M'  <^  J>  *V,  llie 
ball  b,  afl«'r  llit»  iinpuct,  will  move  from  left  to  right.  If,  liow- 
ev«T,  -V  •  i»  3/,  it  will  move  from  right  to  left.  When 
M  =  *\  -V,  wt?  have 

U=-2b,  and  b.  =  0;  [70.] 

that  is,  the  l»all  a  will  more  from  rijilit  to  left  with  twice  iln  pre- 
vious veltKrity,  and  the  ball  b  will  n>niuin  ut  rest. 

We  can  uI.hq  apply  the  formula*  to  the  case  where  an  ela«>tic 
liall  htrikes  verticallv  on  a  fixtMi  obstacle,  as  when  an  India- 
nilil»er  ball  is  b*t  full  on  the  ground.  In  this  raM\  M  «==  x, 
Aiid  b=<^  SulH»tituting  tlieM*  values,  [7-]  l»ecomes  bt^s  —  b'. 
that  i*«,  the  iMHly  moves,  after  imfiaet,  with  the  same  vehicity  as 
U*fon*,  but  ill  an  op|iosite  direction.  limee  the  India-rublier  l»all 
should,  by  (2*J),  rebound  to  the  same  height  from  which  it  felL 
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This  is  not  practically  true,  because  the  surface  ou  which  it  falls 
is  never  perfectly  elastic,  and,  moreover,  because  the  ball  does 
not  recover  promptly  from  the  compression- 
Let  us  next  suppose  that  tlio  sphere  strikes  the  obstacle  in  an 
oblique  direction  (Fig.  205),  and  that  its  velocity  at  the  moment: 
of  collision  is  represented  by  the 
line  i  a',  which  represents  also 
tite  direction  of  the  motion.  This 
motion  is,  by  (24),  equivalent  to 
two  otliers,  one  in  a  direction 
which  is  tangent  to  the  surface, 
and  whose  velocity  at  the  rao- 
mcut  of  collision  is  represent- 
ed by  the  line  t  c,  and  another, 
which  is  normal  to  the  surface, 
and   whose  velocity  at  the   mo- 

mout  of  collision  is  represented       

by  tlie  line  i  n'.  The  lines  i  c  ^^^^^^^m^ 
and  t  It'  are  sides  of  a  parallelo- 
gram, of  which  i  a'  is  the  diagonal.  The  first  motion  will  con- 
tinue, after  the  impact,  with  the  same  velocity,  without  changing 
its  direction.  The  second  motion,  as  we  Iiave  just  seen,  will  be 
changed  by  the  impact  into  a  motion  in  the  opposite  direction, 
but  with  the  same  velocity.  In  order  to  find  tlie  resulting  path 
and  velocity  of  tlie  ball  after  the  impact,  we  need  only  to  comliino 
tlicse  two  motions.  For  this  purpose,  we  have  already  drawn 
tlio  line  t  c,  which  represents  the  velocity  and  the  direction  of  the 
first  component.  The  line  in,  drawn  equal  to  the  hnc  i  n',  and 
ill  an  opposite  direction,  will  represent  the  velocity  and  direction 
of  the  second  component.  Completing  the  parallelogram  and 
drawing  its  diagonal,  we  find  that  the  body  moves,  after  the  im- 
pact, in  the  direction  i  b,  with  a  velocity  represented  by  tlic  length 
of  this  line.  Moreover,  since  the  parallelograms  c  n  and  c  n'  arc 
equal,  their  diagonals  are  also  equal,  —  proving  that  the  velocity 
after  the  impact  is  the  same  that  it  was  before.  Further,  since 
I  n  is  in  the  same  plane  as  t  n',  it  follows  that  the  diagonals 
must  be  in  the  same  plane,  which  shows  that  after  the  impart  the 
ball  moves  in  the  same  plane  in  ichich  it  moved  before.  I^astly, 
it  follows,  from  the  equality  of  the  parallelograms,  that  the  an- 
gles bin  and  a' i  n'  are  equal,  and  consequently  the  angles  bin 
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wi<l  a  I  fi  are  equal.  Tlio  angle  a  i  n,  wliich  tlie  original  direc- 
lioii  of  llie  nioliou  mokes  vitli  tho  iiormat  to  the  lurface  of  tlte 
fixed  obstacle,  is  culled  tlio  angle  of  tncidrnce ;  and  the  angle 
bin,  fvruicd  by  tho  dircctio:i  of  tho  motion  after  impact  with 
tliis  normal,  is  called  tlio  anglr  of  rrjtrction.  llcncc,  the  amgU 
of  incuItHce  is  equal  to  the  angle  of  rrjirction. 

Tlio  abeolut«  equality  of  tlio  angles  uf  incidence  and  reflection 
is  only  realized  when  both  tho  body  and  llio  olistacic  arc  iH-rfot-tly 
elastic.  When  Uiis  is  not  tlie  case,  the  c<>m|>onent  t  h  is  lo<s  than 
i  «',  and  hence  the  angle  bin  greater  tlian  a  t  n,  tlio  aiiple  of  rv- 
fiection  becoming  greater  in  proportion  to  tho  deficicw-y  of  c-la». 
tieity  ;  and  when  tho  bodies  are  unclastie,  it  becomes  e({ual  to 
90*,  and  the  ball  moves,  after  the  impact,  in  the  direction  i  e. 
Compare  (41>. 

Finally,  let  us  suppose  that  two  elastic  eliberot,  A  and  B,  Tip. 
206,  —  moviug  iu  the  same  piano  with  the  different  rehicities  b 
and  b',  —  meet  each  other  obliquely. 
In  order  to  find  tlie  directions  and  Tt> 
locities  of  their  motions  after  iminct. 
wo  may  extend  the  mctliod  adopted  iu 
the  cose  just  discussed.  We  fir^t  do- 
conijKise  the  velocity  of  A.  rcpre- 
bcntcd  by  the  line  n  r,  iulo  two  con*- 
poiifiits  at  right  angles  to  each  oiIht, 
M  V^a,  audit  V^b.  In  like  main 
ncr,  wc  decompoM)  the  v»l,Miiy  of  B 
into  two  cumponenty.  n  V'^=a  ,  and 
n  PcbA'.  It  is  now  oTidont  that  tlio  effect  of  collision  will  not 
be  felt  in  the  directions  n  {'and  n  V,  Huce  llie  luiUti  will  tlide 
over  eaeli  other  in  the  dirwtiun  of  tlie>e  components,  and  licnce 
we  hhall  ubtuiii  for  the  two  velocities  after  contact  in  tlie  direc- 
tion n  Cor  n  L"  (wo  qnaiititici',  (t,  and  a,,  ctjual  (o  a  and  a'  n- 
»|>«H.tively.  It  is,  however,  entirely  difTerviit  with  tlic  other  two 
comiionenUi.  The  velocities  in  tlie  diructions  \'n  and  X" n  are 
revor>ed  and  ehaii^-d  by  (lie  co)li«i<iii,  and  we  therefore  sock  by 
C*-)  what  will  Iw  the  vel-K-itieK  after  the  ctilHAion  in  the  direc- 
tions n  r  for  A,  and  n  V  for  H,  and  obtain  two  qiiaiitilicii,  b^  and 
^i.  LaAtly,  by  combining  toiivther  on  the  principle  of  tlie  com* 
)io»ition  of  velocities  tlie  com|tonentti  a.  and  h^  we  shall  obtain 
the  final  direction  and  reb>city  of  A  ;  and  by  combining  a,  and 
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bij  the  final  direction  and  velocity  of  B.  This  calculation  can 
easily  be  made  in  any  special  case,  and  does  not,  therefore,  re- 
qoire  furflier  illustration.  When  the  masses  of  the  two  spheres 
are  equal,  as  follows  from  [74],  they  exchange  velocities  in  the 
directions  n  V  and  n  V^  and,  the  velocities  in  the  directions 
n  U  and  n  U'  being  the  same  as  before,  the  calculation  then 
becomes  quite  simple. 

The  laws  of  tlie  collision  of  elastic  bodies  may  be  illustrated 
in  a  great  variety  of  ways  ;  but  the  best  of  all  illustrations  is 
found  in  the  game  of  billiards,  which  is  based  almost  entirely 
upon  them.  This  game  is  played  with  balls  of  ivory,  which  are 
in  themselves  elastic,  and  on  a  table  whose  raised  edges  are  cov- 
ered with  elastic  cushions.  The  object  of  the  game  is  to  hit 
one  ball  with  another,  set  in  motion  with  a  stick  moved  by  the 
hand,  so  that  one  or  both  shall  afterwards  move  toward  a  certain 
point  or  points.  To  effect  this,  in  the  various  positions  of  the 
balls,  requires  an  empirical  knowledge  of  the  laws  of  the  col- 
lision of  elastic  bodies,  and  great  skill  in  their  application.  The 
results  obtained  in  this  game  do  not  conform  exactly  to  the 
theory,  on  account  of  the  imperfect  elasticity  of  the  balls  and 
cushions.  Tims  we  have  seen  [73]  that,  when  an  elastic  body 
encounters  another  of  the  same  mass  at  rest,  the  last  is  set  in 
motion,  and  the  former  remains  stationary.  This  is  not  generally 
the  case  with  billiard-balls,  for  usually  both  balls  move  after 
the  impact ;  but  nevertheless,  when  the  stroke  is  very  sharp,  this 
result  does  at  times  occur.  This  is  probably  owing  tc  the  fact, 
tliat  the  friction  of  the  ball  on  the  cloth  covering  of  the  table, 
the  imperfect  elasticity  of  ivory,  and  other  causes  of  disturbance, 
have  the  least  influence  when  the  ball  is  moving  with  a  powerful 
force.  So  also,  when  the  ball  rebounds  from  the  elastic  cushion, 
tlie  angles  of  incidence  and  reflection  are  not  exactly  equal, 
but  they  are  very  nearly  so  when  the  ball  is  driven  with  a 
powerful  stroke. 

Resistance  to  Rupture. 

(110.)  When  a  rod  is  stretched  in  the  direction  of  its  length, 
with  a  gradually  increasing  force,  it  finally  breaks,  the  force  re- 
quired to  break  it  depending  on  the  substance  of  the  rod,  and  its 
size.     The  smallest  weight  required  to  part  it  is  the  measure  of 
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tlio  resisUnco  of  the  rod,  and  the  weight  roquirod  to  put  »  rod 
of  aiiy  suImUiucc,  wIiom  section  is  equal  to  oiie  squue  miUimetre, 
u  lliu  iticat^uro  of  tlio  lenacilg  of  Uiat  Hubetatico. 

The  rf!<it<Uiiice  to  nipturo  caa  be  coureoieutly  determined  bj 
moaiia  of  the  dynamometer,  rc)iroseiitcd  iu  Fig.  207.     It  couu»u 


<^  an  iron  frame,  P,  on  which  slido  two  carriages,  a  and  b.  Tba 
first  of  tlicso  is  connected  witli  a  powerful  Bprinp.  contained  in 
the  l>ox  H.  Wlicn  the  carriage  a  is  drawn  furward,  the  spring 
is  bent,  and  cuniuiunicatcs  moliuii  to  the  index.  C,  which  muvu 
on  a  gruduutttd  arc,  and  indivuloD  in  kilogranimoit  the  inteu- 
sity  of  Iho  force.  Tho  liccoiid  ciirriaec,  b,  is  imiU'd  with  tlie 
frame  at  A  Iiy  means  of  tho  wn-w  o,  and  may  W  niuvcd  foi^ 
waniM  or  l>iu'kwun)!<  liy  Inniintr  the  hniiille  M.  Tlie  n->t  of  Um 
ap|Hira(U!i  ci)nr-i>(!'  <if  a  train  of  whti-ls  and  piniuns,  wliicli  oun- 
ne<-t  the  Kprin^  with  tho  tly-wht-cl  V.  and  prevent  it  from  Hying 
bacic  luti  suddenly  when  tlio  (on^ion  if  n.-moved. 

In  order  to  dotvrniine  the  rrsntnitcf  to  ruftturr  of  a  gircn  wire 
by  means  nf  tliiN  apjkiriilus,  tho  two  ends  of  it  arc  fastoDcd  to  iIk- 
carriiiges  hy  nn-unx  iif  the  viees  which  they  carry.  The  handle. 
M,  is  then  (.lnwly  tnnu-d  until  the  win.-  l>n-ak^,  when  the  neetlle. 
C.  indit'iileM  in  kilugrunimes  tlio  amuunl  uf  force  which  has  pro- 
dm-itl  the  rnpturo. 

ity  meant  of  thiN  ap|uiratu>,  *>•  ciin  easily  i.stahlish  the  truth 
of  the  following  liiw>i :  —  I.  Thr  forrr  rrt/uired  to  pntdmct 
rii4nrr  i>  iinifiitrtunMl  to  thr  stction  ttf  the  bar.  2.  It  is  imU- 
prmUnl  of  Iht  Umglh  of  the  bar. 
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In  determining  the  resistance  of  bars  to  rupture,  we  meet 
with  the  same  difficulty  already  referred  to  in  connection  with 
the  determination  of  the  limit  of  elasticity.  The  rupture  is  not 
caused  by  the  action  of  a  constant  force.  As  soon  as  the  strain 
exceeds  the  limit  of  elasticity,  the  rod  elongates  little  by  little, 
the  particles  are  at  first  slowly  displaced,  but  finally  they  sud- 
denly separate  and  the  rod  breaks ;  so  that  a  moderate  force 
applied  for  a  long  time  will  frequently  cause  the  rupture  of  a  rod 
which  would  resist  a  much  greater  foi*co  applied  for  a  short  time. 
This  slow  diminution  of  tenacity  is  a  fact  to  wliich  it  is  essential 
to  pay  regard  in  the  construction  of  buildings. 

(111.)  Tenacitj/.  —  The  tenacity  of  a  substance  is  the  resist- 
ance to  rupture,  measured  in  kilogrammes,  which  a  rod  will  ex- 
ert, whose  section  is  just  one  square  millimetre.  In  determining 
the  tenacity  of  solids,  wo  may  obviously  experiment  on  rods  or 
wire  of  any  convenient  size,  the  area  of  whose  section  is  known, 
and  then  calculate  the  tenacity  by  the  principles  of  the  last  sec- 
tion. The  tenacity  of  the  different  metals  differs  very  greatly, 
between  that  of  lead,  in  which  it  is  very  feeble,  and  that  of  steel, 
which  has  the  greatest  tenacity  of  all,  as  will  be  seen  by  referring 
to  the  table  on  page  195,  in  which  the  tenacity  of  the  useful 
metals  is  given  at  the  side  of  the  numbers  expressing  the  limit 
of  elasticity.  It  will  also  be  noticed,  that  there  is  a  very  great 
difference  between  the  tenacity  of  the  same  substance  when 
drawn  into  wire  and  when  annealed,  it  being  greatest  in  the 
first  condition.  The  process  of  drawing  wire  will  be  described 
in  (113).  The  change  of  form  which  it  produces  is  accompa- 
nied by  another  very  curious  result.  Although  the  particles  of 
the  wire  are  really  less  close  together  after  the  operation  of 
drawing  than  they  were  before,  yet  they  hold  together  more 
firmly,  so  that  the  tenacity  of  the  wire  is  greatly  increased. 
The  cohesion  of  iron  is  increased,  in  drawing,  to  a  very  remark- 
able degree,  so  that  fine  iron  wire  is  the  most  tenacious  of  all 
materials.  "  Thus  a  bar  one  inch  square  of  the  best  cast-iron 
may  be  extended  by  a  weight  of  nine  tons  and  three  quarters ; 
a  bar  of  the  same  size  of  the  best  wrought-iron  will  sustain  a 
weiglit  of  thirty  tons  ;  a  bundle  of  wires  one  tenth  of  an  inch  in 
diameter,  of  such  size  as  to  have  the  same  quantity  of  material, 
will  sustain  a  weight  of  from  thirty-six  to  forty  tons  ;  and  if  the 
wire  be  drawn  more  finely,  so  as  to  have  a  diameter  of  only  one 
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twentieth  or  one  thirtieth  of  an  inch,  a  bundle  containing  the 
same  quantitjr  of  material  will  sustain  a  wciglit  of  from  sixtjr  to 
ninetjr  tons/'  *  Ilence  cables  made  of  fine  iron  wire  twisted  to* 
gether  will  sustain  a  far  greater  weiglit  than  chains  containing 
the  hame  quantity  of  iron.  The  cables  of  suspension  bridges  are 
usually  made  in  this  way. 

(112.)  CUava^e.  —  In  crystalline  bodies,  the  resistance  to 
rupture  is  not  etjually  great  in  all  directions.  Most  crystallizt-d 
bodies  are  found  to  break  most  readily  in  certain  planes  aflurding 
a  more  or  less  smooth  fracture  or  cleavage,  wliile,  if  they  are 
broken  in  any  other  direction,  the  fracture  is  rough  and  ja|rgi*d. 
These  planes  are  called  planes  of  cleavage.  They  are  always 
parallel  either  to  actual  faces  on  the  crystal,  or  to  possible  faces. 
Cleavage  can  generally  be  rcprutluced  on  the  same  crystal  to  an 
indefinite  extent,  in  planes  parallel  to  each  other,  thus  dividing 
tlie  crystal  into  a  series  of  thin  lamina?.  Generally  the  same 
crystal  may  lie  cleaved  in  several  directions,  and  the  union  of  tlie 
several  planes  of  cleavage  forms  what  is  called  a  solid  of  clear* 
agr^  which  is  constant  fur  the  same  substance,  and  is  always  one 
of  the  simple  forms  of  tlie  system  to  which  the  crystal  belongs. 
Conifiare  (^M). 

Crystals  differ  very  greatly  from  each  other  in  the  facility  witli 
which  tlu*y  may  l>e  cleaved.  In  Kune  cases,  the  lamine  can  Itc 
sc|Mirated  by  the  fingers.  This  is  the  case  with  mica  and  several 
other  mineruls.  At  other  limes,  a  hiiglit  blow  of  the  hammer  is 
re<|uired,  as,  f«)r  exani|ili\  with  galena  and  calc-s[jar ;  while  not 
unfnHiuently  cleavage  can  l»e  olitainnl  only  by  using  some  sharp 
cutting-to<il  and  a  haninier.  When  other  means  fail,  it  can  Mime- 
tiines  Ik)  effirted  by  heating  the  crystal  and  innnersing  it  while 
hot  in  cold  water.  When  cleavage  is  ea>ily  olitained,  it  is  said  to 
lie  emifteml. 

In  crystals  of  the  Monomotrie  System,  cleavage  is  obtained 
with  et|uul  eaM»  in  tho  din^etion  of  any  one  of  the  planes  of  cleav- 
ap* ;  but  in  crystaU  of  the  other  systems,  cleavage  is  obtained 
with  (N|ual  eaM*  only  in  planes  which  an*  |iarallel  to  the  similar 
planes  of  the  crystal.  The  enbie  rry>tals  of  galena,  for  example, 
which  lielong  t^i  tin*  Monometric  System,  may  lie  cleaved  with  ih\\i»1 
readiness  in  either  of  the  three  dire<'tions  which  are  [larallel  to 
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the  faces  of  the  cube.  On  the  other  hand,,  the  crystals  of  gypsum, 
which  belong  to  the  Monoclinic  System,  may  be  cleaved  with 
great  facility  in  one  direction,  less  readily  in  a  second,  and  only 
witii  some  difficulty  in  a  third ;  in  thick  crystals,  the  last  two 
cleavages  are  scarcely  attainable. 

The  general  laws  with  respect  to  cleavage  are  stated  by  Pro- 
fessor Dana*  as  follows :  — 

1.  Cleavage  in  crystals  of  the  same  species  yields  the  same 
form  and  angles. 

2.  Cleavage  is  obtained  with  equal  ease  or  diffictiUy  parallel 
to  similar  faces ^  and  with  unequal  ease  or  difficulty  parallel  to 
dissimilar  faces. 

8.  Cleavage  parallel  to  similar  planes  affords  planes  of  similar 
lustre  and  appearance^  and  the  converse. 

(113.)  Ductility  and  Malleability.  —  Some  substances  will 
not  allow  a  permanent  displacement  of  their  molecules,  and 
break  whenever  the  strain  exceeds  the  limit  of  elasticity.  Such 
substances  are  called  brittle  bodies^  and  to  this  class  belong 
glass,  tempered  steel,  marble,  sulphur,  and  many  others.  There 
are  otlier  substances,  on  the  contrary,  which,  when  submitted  to 
various  mechanical  processes,  allow  a  permanent  displacement, 
more  or  less  considerable,  of  their  molecules,  which  then  assume 
new  positions  of  equilibrium.  This  property  is  possessed  in  a 
higli  degree  by  the  metals,  and  is  called  ductility  or  malleability^ 
according  as  it  is  applied  in  drawing  out  wire,  or  in  reducing 
the  metal  to  sheets  and  leaves  in  a  rolling-mill  or  under  the 
hammer. 

The  machine  for  drawing  wire  consists  essentially  of  a  plate 
of  hardened  steel  pierced  with  a  number  of  conical  holes  of  dif- 
ferent sizes.  Through  one  of  these  holes  is  passed  the  end  of  a 
metallic  rod,  which  has  been  reduced  in  size  for  the  purpose. 
This  end  is  then  seized  with  a  pair  of  pliers  and  pulled  with  con- 
siderable force.  In  being  thus  forced  through  the  hole,  the  rod 
becomes  lengthened,  and  diminished  in  size.  It  is  then  passed 
ill  like  manner  through  a  smaller  hole,  and  thus  successively, 
until  the  wire  is  reduced  to  the  requisite  fineness.  Fig.  208 
is  a  representation  of  a  mill  used  for  drawing  iron  wire.  The 
coarser  wire  is  unwound  from   the   reel  jP,  and,  after  having 


•  STStem  of  Mineralogy,  Vol.  I.  p.  103. 
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ti(.  «n 

passed  the  drawing-plate  A  B,  ia  rocciTcil  on  tlie  dnim  C,  to 
vliich  tlie  force  is  applied  tlirough  the  cog-wheels  r  p,  m  q  («• 
Fig.  200). 

In  order  that  a  siittstanc*  Fhoiild  rrad- 
ilr  yield  to  this  mechanical  action,  it  is 
evidently  essential,  not  only  that  iiK  par- 
ticles should  have  the  jmwer  of  irodilr 
changing  their  po<iition.  but  also  thai  it 
shouhl  Ite  endowed  with  prcat  tenacity. 
Hence  those  metals  wItoMi  partit-Ies  ad- 
mit in»^t  reu«)ily  of  chanp*  of  {■^'ilii-n 
are  not  neci'>fnrily  iho  nioJt  ductile. 

A  rulling-ntill  iimsij-li'  of  two  Mpfl 
rollors,  nrrjup'd  us  rrpn-M-nled  in  Kip. 
210,  so  lliut  tlivir  ili>tun<.'c  ajurt  can  l<c 
varied  at  pli-nsiire,  and  so  that  they  ninr 

Ik*  inrni'd  itijri-lUor  in  uniMin.  I>nt  in  <■[- 

jMisile  ilins'tiiniM.  The  plate  of  nietol  i:- 
a))plied  Itetween  the  two  n>llen',aiid  in  fi>rc<-d  lf>  a<-comniiMlato  il^ 
tliicknei's  to  the  diManre  lM>twei-ii  tlx-m,  whieh  h  adjti^ti'd  mi  o« 
to  In-  a  little  li-^s  than  the  tlii<'kn>->s  of  thi<  plate.  Tliis  diMani-t- 
mur  then  1h.>  diniinii-hed.  and  llif  ppN-e^i  n-pealrc]  tintil  the  thick- 

» f  the  pliite  i«  n-iiin-eil  to  tin-  ih-innl  nmuunt. 

Miinv  (if  the  nielnl-  can  I<e  irilii I  l>i  leaves  of  exereiling  te- 

ntiitr  (ind>>r  (hf  hnmnx-r.  It  \n  in  thi*  war  thai  the  (rrddleaf 
wx'd  in  eiMinc  i*  pn-pnn-d.  The  K"Id  plule  i"  finn  rednrt-d  in 
a  mlling-niill  to  the  thickness  of  aliuul  one  millimetre.     .'H-rerel 
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^  these  ptatos  are  now  piled  on  each  other,  and  spread  out  by 
^)eating  the  pile  witli  a  heavy  mallet  until  they  are  reduced  to 
the  thickness  of  a  sheet  of  paper.  The  leaves  arc  next  separated 
from  each  other  by  slioeta  of  paper,  and  the  pile  beaten  again. 
Finally,  the  sheets  of  paper  are  replaced  by  otliers  made  of  gold- 
beaters' skin.  In  this,  as  in  all  similar  processes,  the  metal  be- 
comes brittle,  and  would  infallibly  break  or  tear  were  it  not 
frequently  reannealed.  The  process  of  annealing  consists  in 
lieating  the  substance  to  a  high  temperature,  and  then  allow- 
ing it  to  cool  very  slowly. 

Tlie  relative  malleability  of  the  metals  is  not  the  same  when 
hammered  as  when  rolled,  and  the  difference  appears  to  arise 
from  the  sudden  shocks  which  accompany  the  blows  of  the  ham- 
tner.  In  the  following  tabic,  the  relative  malleability  of  the 
Useful  metals  by  both  methods  is  given  side  by  side,  together 
with  the  relative  tenacity  and  ductility.  A  comparison  of  the 
columns  will  illustrate  what  has  been  stated  above. 


T««dtr. 

IhictUltr. 

Iroo 

Ptotino 

Copper 

Silver 

FlEUinum 

Iron 

Silver 

Copper 

Zine 

Gold 

G«M 

Zinc 

Lead 

Tin 

Tin 

Uti 

Ilunnin. 

RDLllng-UUl. 

Lead 

Gold 

Tin 

Silver 

Gold 

Copper 

Zinc 

Tin 

Silver 

Lend 

Copper 

Zinc 

Plftlinuni 

rintinura 

Iron 

Iron 

The  action  of  heat  modifies,  in  a  most  marked  manner,  both  the 
ductility  and  malleability  of  many  bodies.     Iron,  for  example,  is 
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rerjr  malleable  at  a  red  heat,  and  in  this  condition  it  can  be  read- 
ily forged  or  rolled  into  sheets.  Glass,  again,  which  is  brittle  al 
the  ordinary  temperature,  is  both  malleable  and  ductile  to  the 
highest  degree  at  a  red  heat.  Copper,  on  the  other  hand,  is  roo«t 
malleable  when  cold,  and  zinc  cannot  be  rolled  out  with  ^ucccaw 
except  between  the  temperatures  of  180*  and  150*  C.  Above 
this  lti»i  temperature,  it  becomes  very  brittle. 

The  malleable  metals  are  capable  of  receiving  impressions  from 
blows ;  a  pro|)erty  which  is  continually  made  use  of  in  various 
processes  of  tlie  arts.  The  processes  of  stamping  coins  and  em- 
boitsing  figures  on  surfaces  of  various  kinds  are  an  illustraticin  of 
the  fact.  The  impression  is  made  by  means  of  a  die,  in  which  the 
design  is  sunk,  just  as  the  raised  impression  which  the  wax  is  to 
present  is  sunk  in  the  seal.  The  die,  which  is  made  of  the  liarde»t 
steel,  is  forced  down  upon  the  blank  coin  by  means  of  a  powerful 
screw  or  lever,  and  the  metal  of  the  coin,  l)eing  comparatively 
soft,  is  driven  with  great  force  into  tlie  cavities  of  the  die,  and 
retains  the  impression. 

Hardness. 

(114.)  Scale  of  Hardness,  —  Hardness  is  the  resistance  which 
bodies  op|)ose  to  being  scratclied  or  worn  by  other  Iwxlies.  Of 
two  substances,  that  one  is  said  to  l)e  the  hardciit  which  will 
scratch  the  other.  The  hardness  of  a  IkkIv  is  closelv  related 
to  its  ductility  and  tenacity,  all  circumstances  which  increase 
the  ductility  or  diminish  the  tenacity  rendering  the  IxHly  softer, 
and  the  reverse.  In  onlcr  to  distingui>h  a  harder  iKxdy  from  a 
softer,  we  ciilier  attem[>t  to  scratcli  the  one  with  the  other,  or  we 
try  each  with  a  file.  The  last  nietliod  is  generally  to  l»e  pre- 
ferred ;  but  l)oth  should  l)e  employed  when  practicable,  since 
some  iMMiies  *'  give  a  low  hardness  under  the  file ^  owing  either  t«i 
im[»urities  or  im|ierfect  aggn*gation  of  the  [Articles,  while  tlioy 
scnitrh  a  hanler  s|)ecies,  —  showing  that  the  particles  are  hard, 
although  loosely  aggn*gated."  * 

Ilanlness  is  an  important  character  of  a  sulwtance,  and  is 
much  used  by  mineralogists  as  a  means  of  distinguishing  between 
mineral  sfiecies.  In  order  to  fix  a  common  ttandard  of  compari- 
son, the  distinguislKMl  Oerman  minoralogiyt,  Mohs,  introduced  a 


•  Dmm's  Sjuna  oT  ICiaenOogy.  Vol  I.  p.  ISO 
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le  of  Imrdncss.     This  scale  consisted  of  ten  minerals,  which 

radually  increase  in  hardness,  marked  from  1  to  10.     It  lias 

1B)een  since  modified  by  Breithaupt,  who  has  introduced  two  ad- 

"^itional  degrees  of  hardness,  one  between  2  and  3,  the  other 

^>otween  6  and  6,  as  these  intervals  were  larger  than  the  rest. 

The  numbers  of  Mohs,  however,  have  been  retained.     The  scale 

is  as  follows  :  — 

1.  Talc ;  common  laminated,  light-green  variety. 

2.  Gypsum ;  a  crystallized  variety. 
2.5.  Mica  ;  variety  from  Zinnwald. 

3.  Calcite ;  transparent  variety. 

4.  Fluor-Spar  ;  crystalline  variety. 

5.  Apatite ;  transparent  variety. 
6^.  Scapolite ;  crystalline  variety. 

6.  Felspar  (orthoclase)  ;  white,  cleavable  variety. 

7.  Quartz;  transparent. 

8.  Topaz;  transparent. 

9.  Sapphire ;  cleavable  varieties. 
10.     Diamond. 

In  determining  the  hardness  of  a  mineral,  we  draw  a  file  over 
it  with  considerable  pressure.     If  the  file  abrades  the  mineral 
Vrith  tlio  same  ease  as  No.  4,  and  produces  an  equal  depth  of 
ui)rasion  with  the  same  force,  the  hardness  is  said  to  be  4  ;  if  less 
readily  than  4,  but  more  readily  than  5,  it  is  said  to  be  between 
4  and  5  (written  4-  5)  ;  or  we  may  determine  it  with  more  accu- 
racy as  4.25  or  4.50.     Several  successive  trials  should  be  made, 
in  order  to  insure  accuracy,  and  the  student  should  practise  him- 
self in  the  use  of  tlie  file  with  specimens  of  known  hardness, 
until  he  can  obtain  constant  results.* 

(115.)  Sclerometer, — In  testing  the  hardness  of  the  dissim- 
ilar faces  of  the  crystal,  very  marked  differences  are  frequently 
observed.  Differences  may  also  be  perceived  on  the  same  face 
when  examined  in  different  directions.  For  the  purpose  of 
measuring  with  great  accuracy  the  differences  in  hardness  which 
the  faces  of  a  crystal  present,  an  apparatus  has  been  contrived 
by  Grailichf  and  Pekarek,  called   a   sclerometer.     It  consists 


•  Boxes  contnininp  the  twelve  minerals  of  the  Mohs  scale  can  be  procured  from 
the  dealers  in  philosophical  apparatus. 

t  Sit2anp«berichte  der  mathem.-naturw.  Classe  der  kais.  Akad.  der  Wissen.,  ( Wien, 
1S54,)  Band  XIII.  s.  410. 
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essentially  of  a  liard  Bteel  point  altacbed  to  1)m  andcr  side,  at 
one  end,  of  a  balunco  beam,  wliieli  is  carefully  puiMnl  oii  iu 
kiiifo-ed^.  Above  tlie  point,  and  on  the  upper  side  of  the  lieam. 
tbcro  ID  a  pan  to  receive  weiKlit«>  by  wliicli  the  steel  point  may 
bo  pressed  down  upon  tlie  face  of  a  crystal  witli  a  regulated 
force.  At  the  other  end  of  tlie  beam  there  is  fastened  a  spirit- 
level,  and  the  vliolc  is  h>  adjum-d  that  Iho  Warn  —  wiUi  lite 
point  and  pan  at  one  end,  and  with  the  spirit-level  at  the  other 
—  is  juht  in  C()uili))rium. 

lly  nieanit  of  the  sclcmmctcr,  it  appears,  for  exam|4e,  tliat  the 
rhombuhvdrul  faces  of  crystals  of  caluite,  r  (Fig.  :i11),«rc  sofkcr 


ti(  111.  Fto-  tta 

than  the  end  faces,  n.  It  has  also  been  found  that  the  hanlnom 
is  lint  the  MiniG  in  all  directions  on  the  rhomliolicdral  fsire.  Fnim 
a  iu>rie!<  of  doloniiinations  made  \>y  (irnilich  and  Pcknn-k  with 
their  wltfrometer,  it  ajijtear^  that  the  jireates't  hanlm-ss  in  in  the 
dint-tiiin  nf  tlie  ^hurter  diap>nitl  of  the  fsiee,  from  ('  tit  K  (  Fijr. 
212).  mid  till'  li*a>t  hnrdnei^N  in  tin-  opjMisite  directinn,  fnmi  K  to 
rim  till'  ^a^le  ili.ipinid.  Tho  wciplits  n-qnired  in  tbf  pon  aliove 
the  h:trd  |><iiiit.  in  nnlor  to  Fcratch  the  face  in  variou!'  dirvotion», 
wen-  av  foUiiw- :  — 


«•«>• 

1V,%hl 

O' 

..  /;. 

i>c,  fvi 

S'.l' 

IVrjH'iiflii-iilnr  in  nliri'  r. 

ir^t 

.'.r 

I'xrallrl  In  .-.ler  :. 

21.1 

-lit' 

I^mp-r  ilinifMial  fnwn  E  li 

1.  r. 

I. '.2 

12!"' 

fnnilli-l  i<>  "li.f  r. 

l.W 

iir 

|Vq--nili.-ijl«r  t..  fd/f  x. 

lid 

IMO- 

Sliorl'T  (liiisonnl  fniin  A*  I 

'.Ml 

TbOM- 

niinilx-n*  nn-  in  cnt-h  ra* 

1'  thi 

■  mean  of 

tionn.     .' 

^iniilnr  diffi-n-nee!'  hav.'  Ih 

■.Ml  1.1 

liM-rv.M  ... 

T  ibuK  made  bj  ibr  gi^r 
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of  otlicr  crystals,  and  they  lead  to  the  following  general  con- 
clusions :  — 

1.  That  the  hardest  planes  of  a  crystal  are  those  which  are 
peq)endicular  to  the  plane  of  most  perfect  cleavage.* 

2.  That  on  a  given  plane  the  direction  of  greatest  Iiardness  is 
that  which  is  most  inclined  to  the  direction  of  most  perfect 
cleavage. 

(116.)  Annealing'  and  Tempering.  —  The  hardness  of  many 
substances  may  be  greatly  modified  by  the  action  of  heat,  and  by 
various  mechanical  processes.     The  effects  of  change  of  tempera- 
ture in  varying  the  degree  of  hardness  are  most  important  in  re- 
gard to  steel,  since  it  is  on  this  influence  that  the  application  of 
steel  to  so  great  a  variety  of  useful  purposes  depends.    If  steel 
is  heated  to  a  red  heat,  and  then  very  slowly  cooled,  it  becomes 
ductile,  flexible,  soft,  and  comparatively  unelastic*     This  pro- 
cess is  called  annealings  and,  when  thus  annealed,  steel  can  read- 
ily be  drawn  into  wire,  rolled  into  sheets,  or  manufactured  into 
its  numerous  useful  forms.     If,  however,  the  articles  thus  manu- 
factured are  heated  to  a  white  heat,  and  then  suddenly  cooled  by 
plunging  them  into  water  or  mercury,  the  steel  becomes  very 
hard,  brittle,  highly  elastic,  and  less  dense. 

In  its  state  of  greatest  hardness,  steel  is  scarcely  fit  for  any 
purposes  in  the  arts,  since  it  is  so  brittle  that  its  points  or  edges 
are  broken  by  a  very  slight  resistance.  But  by  reheating  it  to  a 
lower  temperature,  and  then  slowly  cooling  it,  this  extreme 
hardness  may  be  reduced,  and  the  flexibility  of  the  steel  propor- 
tionally increased.  The  amount  of  the  reduction  is  greater,  the 
higher  the  temperature  to  which  the  articles  are  heated,  and  if 
heated  to  a  red  heat,  they  again  become  soft. 

This  process  of  reheating  is  termed  letting  down  or  tempering^ 
and  the  workman  is  guided  to  the  effects  he  wishes  to  produce  by 
the  changes  of  color  which  the  surface  of  polished  steel  exhibits 
at  different  temperatures.  The  tints  which  correspond  approxi- 
matively  to  the  different  temperatures  are  as  follows  :  — 

Lij^ht  straw,       220*         Violet-yellow,  26r)*»         Blue,  203* 

Golden-yellow,  230**         Purple-violet,  277**         Deep  Blue,  317 
Orange-yellow,  240**         Feeble  blue,     288**         Sea-green,    330* 


•  Lehrbuch  der  Krystallographie  von  Miller  iibersetzt  und  erwcitert  durch  Dr.  J. 
Gnilkh,  (Wien,  1856,)  S«ite  S29. 


;*» 

•70 


212  CHEMICAL  PHYSICS. 

Tlio  hanlcst  »tool  is  used  for  littlo  vho  than  tlio  makinfif  of  dim 
fi)r  roiniiif:^.  Tlic  hUH.4  of  llio  liurdcst  filrs  is  hut  little  let  down. 
The  {it>i  hliado  of  yellow  iiidieutcs  that  tho  reheating  lias  been 
carriiMl  Miflki«Mitly  far  for  lancet  and  other  »niall  hurgeons*  in»tni- 
nuMits,  on  which  tho  ktHMle^t  edge  is  re<|uired.  Kazor  and  pen- 
knife hiatles  art*  heatrd  until  they  exhihit  a  light  ^traw-ctdor. 
SeisMirs,  hhears,  and  chisels,  in  which  a  greater  tenacity  is  required, 
are  teni|N'nHl  at  the  nr>t  hhade  of  orange.  Table  cutlery,  in  which 
Hexil>ility  is  numr  desimhlo  than  the  hardness,  which  would  give  a 
fine  hut  brittle  edge,  are  heated  to  the  violet  Watch-vprings  are 
heatcil  to  a  full  Mue«  and  coach-springs  to  a  deep  blue.  In  many 
inanufaet4)ries  the  tcmj>er  is  given  l»y  immersing  the  hardened 
steid  articles  in  a  bath  of  mercury  or  oil,  tho  heat  of  which  can 
be  exactly  regulateil  by  a  therinoineter.  The  bath  is  heated  up 
to  the  re<)uired  tem|ierature,  and  then  allowed  to  cool  blunly. 
In  this  way,  any  nunil»er  of  articles  which  are  to  receive  the 
Mune  tein|)er  inny  l»e  e<)uably  heated  and  gradually  cooled. 

Most  other  metals  are  acted  U|)on  by  heat  and  cold  in  some* 
what  the  same  manner,  although  to  a  much  less  degree.  Cop|M*r, 
bowevtT,  is  a  remarkable  exception  to  the  rule,  its  properties 
Iving  exactly  the  reverse  of  those  of  f'teel ;  for  wIkmi  couleil 
hluwiy  it  iK'comes  hard  and  brittle,  but  when  cooled  rapidljr,  Mifl 
and  malleable.  This  tame  pn)|M'rty  is  |M>sM*ssed  to  a  htitl  higher 
degnn*  by  bronze^  which  is  an  alloy  of  cop|MT  and  tin. 

(2la>s  undergo K*s,  fr(»m  the  action  of  heat  and  cold,  tho  same 
chantres  as  steel.  When  heattnl  to  a  nrd  heat,  and  suddenly 
cooled,  it  iHM'onies  moro  brittle,  hanler,  and  le^s  dense  than  in  its 
anni'abul  contlititui.  When  a  glass  vessi'l  is  first  blown,  it  ctmU 
rapidly  and  irn*<^MiIarly,  and  th<.*  varying  hardness  of  its  ditlerent 
parts  giv(*s  to  it  such  a  df^n^r  of  brittlenrss,  that  the  slightest 
sh<H*k  or  a  small  cbanire  of  tem|M'rature  would  break  it.  In 
ord«*r  to  prevent  thi««,  it  is  annealed,  by  i^assing  it  thnuigh  a  b>ni; 
furnace,  of  which  the  beat  is  very  great  at  one  enti  and  ^b>wly 
diminishes  towunU  the  other,  and  it  is  thus  c«iuK*d  gradually  and 
e<|uably. 

The  pn>|MTties  of  unannealed  glass  are  illustrato«l 

yT  by  Prince  HujNTt's  drops.     Thes**  are  made  by  dn>|>- 

/(  p*»»^f  nu'ltrd  j:lass  int«>  water,  which  of  course  c«»i»U 

(l  tliem  sudthMdy,  ami  givt*?*  to  the  glass  a  high  degree  of 

rif  311        banlnesji  and  a  pn)|>ortionate  brittleness.    They  liare  a 


THE  THREE  STATES  OF  MATTER.  213 

long  oval  form,  tapering  to  a  point  at  one  end  (Fig.  213).  The 
hoAj  of  the  drop  is  so  hard  that  it  will  bear  a  smart  stroke ;  but 
if  a  portion  be  broken  off  from  the  small  end,  the  whole  imme- 
diately flies  into  minute  particles  with  a  loud  snap. 

The  cause  of  the  changes  in  hardness  produced  bj  the  action 
of  heat  has  not  been  as  yet  satisfactorily  explained.  The  expla- 
nation usually  given  is  this.  When  a  bar^f  steel  highly  heated, 
and  hence  greatly  expanded,  is  immersed  in  cold  water,  the  ex- 
terior layers  suddenly  contract,  and  are  compelled  to  adapt  them- 
selves, by  a  permanent  displacement  of  their  molecules,  to  the 
core,  which  is  still  in  an  expanded  state  within.  Subsequently, 
when  the  interior  of  the  mass  cools,  its  particles  cannot  approach 
each  other  freely,  because  they  are  more  or  less  united  to  the  ex- 
ternal crust,  which  has  been  already  fixed  in  position.  Hence, 
these  particles  remain  in  a  state  of  tension,  and  this  is  supposed 
to  give  rise  to  the  peculiar  change  of  properties. 

Were  this  explanation  correct,  the  effects  of  a  sudden  change 
of  temperature  ought  to  be  greatest  on  thick  bars  of  steel,  but  in 
fact  the  reverse  is  the  case.  The  change  is  most  probably  con- 
nected with  the  phenomena  of  dimorphism  (98),  but  in  what  way 
is  not  yet  understood. 

Most  metals  are  hardened,  not  only  by  sudden  cooling,  but  also 
by  such  mechanical  processes  as  tend  to  condense  them  perma- 
nently, and  thus  increase  their  density.  The  processes  of  stamj> 
ing  coin,  of  wire-drawing,  of  rolling  out  metallic  plates,  and  of 
liammering,  are  all  evidently  of  this  nature.  Tliis  change  is 
Usually  called  hammer-hardening^  and  its  effects  are  the  same  on 
almost  all  ductile  bodies.  They  become  denser,  more  tenacious, 
fcarder,  more  brittle,  and  more  elastic.  All  these  effects  can  be 
Temoved  by  annealing ;  and  hence  the  necessity  of  continually 
reannealing  the  metals,  during  the  processes  just  mentioned. 

PROBLEMS. 
Elasticity  of  Tension, 

91.  A  rectangular  iron  bar  2  m.  in  length,  and  who^e  section  is  equal 
to  2  c.  m.*,  is  suspended  by  its  upper  extremity  to  a  firm  su|>port,  and  to 
its  lower  extremity  is  attached  a  weight  of  1,000  kiloj^.  How  much  is  it 
temporarily  elongated  by  the  strain,  when  the  temperature  is  15°  ? 

92.  An  annealed  iron  wire  2  m.  m.  in  diameter  and  2.25  m.  in  lenjrth  is 
suspended  as  in  the  last  example.  How  much  weight  is  required  to  elon- 
gate it  0.25  m.  m.,  when  the  temperature  is  15°  ? 
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93.  A  siWer  wire  0.75  m«  m.  in  diameter  and  5  bl  long  is  elongated  br 

a  weight  0.25  ulul     Horn  great  it  this  weight  when  the  tenperacare  m 

15*? 

TVnoctify. 

94.  With  bow  much  weight  in  kilogrammes  most  a  copper  wire  be 
load(*d,  in  order  to  part  it,  when  the  diameter  of  the  wire  is  ei|aal  to 
1  m.  m.  ?     CalcuhUe  botk  for  annealed  and  onannealed  wire. 

95.  In  a  pendulum  experiment*  it  is  required  lo  stwpend  a  weight  dt 
50  kilog.  bj  a  copper  wire.  What  mu«t  be  the  diameter  of  the  «irp« 
allowing  ^  for  i«ecurity  beyond  the  diameter  abDoluteljr  essential  ?  Cal- 
culate both  for  annealed  and  unonnealed  wire. 

CMiion  of  Ptrfectl^  EUutte  Bodies, 

/m  tktfoUoinwg  proUewu  tmarktd  with  a{^),the  manm  amd  rtUeiim  of  At  tw  lafl*  mn 
imdktiitdoM  detrnbtJ  m  (109).  TkewMdkm  i$Jrom  le/t  lo  ri^,  Mn/rw  lAr  rrtvrw  it  o^ 
atUii  hf  a  mtgmtire  §i^.  h  eork  problem  it  is  mpiirod  to  Jmd  tko  nMHm  of  tko  imo  kaC» 
after  the  impact^  and  aim  iko  dtroetiom  oftko  wnotiom, 

M'  —  17.  b'  —  1  m. 

if  '  —  20.  b'  —  2  5  m. 

Af'  —  100.  b'  —  0  m. 

if'  .  10.  b  —  —  5m. 

if'.  10.  b'— —  32  m. 

101.  A  ball  who^  maiss  is  iA  with  a  relocitr  b.  meots  a  M>cond  ball 
moving  in  the  Kame  dirrniion,  wh<iAe  nuiM  i*  M',  What  moi^t  be  the 
TekMMtv  of  the  second  liall,  when  the  fir»t  ball  remains  at  rvs^t  after  the 
coirmion  ? 

1 02.  A  ball  fitHk<']«  on  a  plane  making  an  angle  of  inridrnre  eqoal  to 
60**.  What  will  l>e  the  nnfrlc  of  rt*fl€*rtion  when«  in  cooM^uence  of  th<* 
im|M*rftvtiun  of  th<*  (*Ui«»lii*ily  Uitli  of  ili«*  plane  and  the  liody,  onr  ihird  U 
i\w  v<*rti<*al  ri*locity  \<  lo«t  by  tin*  im|mct  ?  Silve  the  same  prublrm,  »up- 
po^ini;  tliat  one  fourth  of  the  vt*lfM*ity  i-^  lo>t. 

KKl.  An  i*lAi»tic  l>all  falU  fnmi  iIh*  h«*i*;lit  of  2  m.  flow  high  will  it  rr> 
bound,  Mip|tor«ing  that  oim^  fiAh  of  the  filial  vt^lucity  b  lof^t  at  the  impaci,  in 
coHMMjurru*!*  of  imp<»rf«Tl  <*la*iii(*ity  ? 

1<U.  Tvio  |M*rf«i*lIy  «'la«tio  lialU.  moiiiifr  in  the  «ame  plane,  meet  eArh 
other  ol>li4|u«*ly.  Th«*  aii^leii  maile  by  the  ti«o  din^f^tiomt  of  their  m<iii<m4 
with  ih«*  liiM'  ft  f'(Fi:;.  2or>),  |\inc  in  the  ^anie  plane  and  tanirent  to  buck 
lialU  at  the  {mint  of  n>nta<*t.  an*  n  «•  t»4)**  and  f  mm  ;i4)'.  Tlie  mm^t^ 
an*  .If  mm  ]o  and  .If  ■«  5  :  the  vel«»ritie«*  an*  b  ■"  2.5  an«l  b  ■■  5.  It 
i«  nM|iiin*<l  to  find  the  velotMtim  of  the  tiio  lialU  af)er  cx>IU«i<in«  and  the 
aii*^l«*^  VI  lii«*h  the  dinH*tion«  of  their  mi>tioiM  make  with  the  given  line. 

Iu5.  Solve  tlM)  Mune  problem  for  the  following  values :  — 

•  ..  40*.     ^  —  30*.     if  —  5.      ir—  10.      b—  4m.     b*  —  6a. 


•9C 

M^  6. 

b  —  3  m. 

•97. 

.If  .  10. 

b  —  5m. 

•9H. 

M  —  10. 

b  ^  10  m. 

•99. 

if  —  20. 

b-  10  m. 

•ltM». 

-If  -  15. 

b  —  16  m. 
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II.   Chabacteristic  Properties  op  Liquids. 

(117.)  MechaniccU  Condition  of  Liquids.  Fluidity,  —  The 
liquid  has  not,  like  the  solid  (79),  a  definite  form ;  but  it  takes 
the  fonn  of  the  vessel  in  which  it  is  placed.  Its  particles  are  in 
a  condition  of  equilibrium  between  the  attractive  and  repulsive 
forces  (78),  and  instead  of  being  bound  together,  as  in  a  solid, 
they  possess  a  perfect  freedom  of  motion  ;  and  under  the  influ- 
ence of  the  slightest  force,  they  move  among  each  other  without 
friction  and  without  disturbing  the  general  equilibrium.  This 
mechanical  condition  of  matter  is  termed  fluidity^  and  belongs 
both  to  liquids  and  gases.  Liquids  are  not,  however,  perfect 
fluids^  for  there  always  exists  between  their  particles  a  certain 
amount  of  adhesion,  owing  to  an  excess  of  attractive  force  which 
renders  them  more  or  less  viscous.  Between  an  almost  perfect 
fluid,  like  water,  and  a  condition  like  dough,  we  have  every  grade 
of  fluidity.  This  is  illustrated  by  the  well-known  series  of  or- 
ganic acids,  commencing  with  formic  acid  and  ending  with  me- 
lissic  acid.  The  series  consists  of  over  twenty  members,  and  pre- 
sents every  grade  of  condition.  Formic  acid  is  as  fluid  as  water  ; 
but  as  we  descend  in  the  series,  the  numbers  are  found  to  be 
more  and  more  viscous,  becoming  first  oily,  then  soft  fats,  next 
liard  fats,  and  finally  solids,  like  wax. 

(118.)  Elasticity  of  Liquids.  —  It  has  already  been  stated 
(76),  that  liquids  are  compressible,  and,  moreover,  that  they  re- 
sume exactly  their  original  volume  as  soon  as  the  pressure  by 
which  this  was  diminished  is  removed.  It  follows  from  these 
facts,  that  liquids  are  perfectly  elastic,  and  that  this  elasticity  is 
unlimited  in  extent. 

In  the  early  experiments  on  compressibility  made  by  Oersted, 
it  was  assumed  that  the  capacity  of  the  bulb  Ay  of  the  appara- 
tus already  described  (Fig.  214),  remained  invariable.  This  as- 
sumption was  based  on  the  fact,  that  the  walls  of  this  reservoir 
were  equally  pressed  by  the  fluid  on  both  sides.  It  is  easy, 
however,  to  see  that  this  assumption  is  incorrect  ;  for  if  we 
suppose  the  interior  of  the  bulb  to  be  filled  with  solid  glass,  it  is 
evident  that  the  volume  of  the  interior  core,  and  hence  that  of 
tlie  bulb,  would  be  diminished  by  the  exact  amount  that  this 
glass  core  would  be  compressed  by  the  given  pressure.  In  such 
a  case,  the  pressure  on  the  exterior  surface  of  the  bulb  would  be 
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exactly  balanced  bjr  the  rGacUoii  of  (Ito  glass  core.  It,  now,  tlic 
pluvtt  uf  thi:  f;lu!<s  coro  is  supplied  by  water,  tlio  prcwurc  on  iIk 
exterior  sui-riuM  reiuuuing  tlie  suue,  it  is  oviilent  tliut  Uiu  rcao- 
tiun  or  tlie  water  corv  must  be  exactly  the  same  an  that  cxeru-*! 
by  tbe  fflai^s  core  ;  for  otherwise  tlio  law  of  uctiou  and  rvartimi 
(41 J  wunid  not  Ira  ol>eye<l.  Tbe  eonditions,  tlien,  witb  rufiect  to 
the  bulb,  are  not  vbangcd,  and  it  is  evident  tbat  it-i  volume  will 
b.'  just  ati  nmcli  redui-ed  wben  filled  with  water  as  wlica  filli-l 
witli  glaiw :  tbut  is.  by  tbo  amount  to  wbieb  a  gla»a  core  ju^l  fill- 
injc  it  would  be  compressed  by  the  given  force. 

It  follows  from  lliis,  tliat  tliu  apparent  comlensatUm  of  any  tloiil 
under  a  given  pressure,  when  determined  by  the  ap|turatus  rvpr»- 
sciited  in  Fip.  214,  is  not  no  great  a.i  the 
real  eonden»ation,  and  that  it  i»  WH-ea- 
Bary  to  correct  tbe  detcnni nations  tlius 
made  by  adding  to  theobserved  coniprev 
Bion  an  amount  e<|itul  to  tbe  eoiupn's- 
sion,  under  a  given  preiu^nre,  of  a  glu<9 
core  wliieh  would  jut-l  fdl  tbe  interior 
of  the  bulb.  This  amount  can  in  any 
case  IJO  ealculatiHl  from  data  fu^li^ht■d 
by  expt^rimeuta  on  tbe  elongation  of 
gla!>s  rods  by  tension,  f-inei',  aerordini; 
to  M.  Werthi'im,  tbe  diminution,  under 
a  (riven  pn'Mnre,  of  une  cubic  een- 
timetm  of  glass,  in  fractions  of  a  cubic 
ccntinii'trt^',  is  ju>t  eiinul  to  tbe  elontn- 
lion  of  u  v\asa  rod  one  centimetre  lorn;, 
in  fnicti-m^  of  a  centiinetn>.  under  an 
itpiivali-nt  tension.  M.  ('rami  ba« 
cnn'fully  n-determined  lUu  c(impn>>«i- 
bility  of  several  lii|niibi,  making  Um>  itf 
an  iniprovctl  B|i)inratus  contriviHl  by 
It"i;n:iiil(,  and  ci»rnH;linir  lii'>  olisena- 
tiont  for  the  compn-ssibility  of  ibf  n-wn'oir  u«'d  acetinlini;  to  iIk* 
formnlv  of  Wertb<-iin.  Hi-  ban  alM>  stndit.Hl  tbe  iittluence  v(  a 
variatitni  uf  tem|ienilur<*  on  the  comjiniC'ibiHty,  a.«  well  as  lite 
inllueiice  of  difl>*n-nt  pn-ssnn'i.  The  nwM  iin|H>rlant  rvsultK  ol»- 
UiiK-d  by  M.  (ir»!>si  are  given  in  the  foUowiuir  luble.  In  evorr 
cami,  tlw   uumbera   expressing   tlie  compre»t>ibility  of  a   lii|uid 
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indicate  the  fraction  of  its  Tolume  by  which  it  is  condensed  when 
submitted  to  a  pressure  of  one  atmosphere. 

Table  of  the  Coefficients  of  Compressibility. ''^ 


■ 

UqakL 

Temperatare. 

CompreMibility. 

Preuure  In  Atmot- 

pherea,  from  which 

the  CompreMibiUty 

wma  detennined. 

Mercnry,      .... 
1     Water,     .... 

o 
0.0 

0.0 

0.00000295 
0.0000503 

• 

9 

\     "       .... 

1.5 

0.0000315 

• 

\     -     .... 

4.1 

0.0000499 

• 

\     • 

10.8 

0.0000480 

• 

« 

13.4 

0.0000477 

•          i 

.... 

18.0 

0.0000463 

• 

.                .                .                • 

•                     •                     •                     • 

25.0 

0.0000460 
0.0000456 

•  4 

•  < 

.                •                .                . 

84.5 

0.0000453 

•          1 

•                                •                               •                               • 

43.0 

0.0000442 

•          t 

« 

1    Ether,          .... 

63.0 
0.0 

0.0000441 
0.000111 

•           • 

3.408 

-     .... 

0.0 

0.000131 

7.820 

/  ::     •  •  •  • 

14.0 

0.000140 

1.580 

1     Eihylic  Alcohol. . 

13.8 
7.3 

0.000153 
0.0000828 

8..362 
2.302 

tt                      tt 

7.3 

0.0000853 

9.4.'0 

U                           II 

13.1 

0.0000904 

1..570 

1                     u                        « 

Mcthvlic  Alcohol, 
Chloroform, 

l.-l.l 
13.5 

8.5 

0.0000991 
0.0000913 
0.0000625 

8.97 

•  • 

•  • 

•         .         .        . 

12.0 

0.0000648 

1.309 

... 

12.5 

0.0000763 

9.2 

In  the  case  of  water,  it  was  found  that  the  amount  of  condensa- 
"tlon  was  proportional  to  the  pressure,  and  that  it  diiniiiishcd 
Vhen  the  temperature  was  increased.  On  the  other  hand,  it 
upjKjared  that  the  compressibility  of  alcohol,  ether,  and  chloro- 
form increased  with  the  temperature,  and,  moreover,  that  the 
compressibility  of  these  fluids,  as  well  as  that  of  niethylic  ether, 
increased  with  the  pressure. 

M.  Grassi  also  made  experiments  on  the  compressibility  of  sa- 
hne  solution,  and  found  that,  for  the  same  solution,  it  was  as 
constant  as  that  of  pure  water,  and  that  it  diminished  when  the 
amount  of  salt  in  solution  was  increased. 


*  Annalcs  de  Chimie  et  de  Physique,  3*  Scrie,  Tom.  XXXI.  p.  437. 
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Consequences  of  the  Mechanical  Condition  of  Liquids. 

(110.)  Wo  havo  seen,  in  Uic  last  two  sections,  tliat  tho  moIis 
cules  of  a  liquid  are  in  a  condition  of  e(|uilibriuni,  and  also  that 
all  liquids  arc  but  slightly  compressible  and  perfectly  clastic.  l>f 
tho  cliaracteribtic  properties  of  li<|uids,  we  shall  only  consider 
those  which  arc  a  necessary  conseipienco  of  these  conditions. 
These  naturally  divide  themselves  into  two  classes :  first,  tliose 
which  are  inde|)eudent  of  the  action  of  gravity ;  and,  secondly, 
tliose  which  de|»end  \\\)o\\  it. 

(120.)  Liquids  transmit  Pressure  in  all  Directions.  —  This 
most  im|K)rtant  ({uality  of  liquids  was  first  clearly  stated  by  Rlaisc 
Pascal,  in  tho  following  tonus :  Liquids  transmit  equally  in  all 
directions  a  pressure  exerted  at  any  point  of  their  mass. 

Wo  may  illustrato  what  is  meant  by  this  statement  of  Pascml, 
by  means  of  Fig.  21 '>,  which  n^presents  tho  section  of  a  vessel 
— which  may  l>o  of  any  shape  —  filled  with 
water,  on  tho  sides  of  which  are  several 
apertures  closed  by  movable  pistons.  Let 
us  sup|K>so  that  tho  two  pistons  d  and  c 
present  the  same  surface ;  and,  further, 
that  the  piston  a  presents  twice,  and  the 
piston  b  five  tini(*s,  tho  area  of  r.  If,  now, 
we  pn»«»s  in  the  pistmi  r  with  the  force  of  nc  lu. 

one  kilo^runiinc,  this  force  will  In;  trauv 

mitted  in  everv  din»ction  to  the  sides  of  the  vess<»l,  and  everv 
{Mirtion  of  the  intiTior  surface  wlit>M«  an*a  eipials  that  of  the 
piston  will  l»e  pro^MMl  ufNiu  with  a  force  of  one  kilo^n^mme: 
the  piMoii  d  will  Im*  pn»ss4Hl  out  with  a  force  of  one  kiiogrnnnue : 
tht*  pi<«tou  a,  with  u  force  of  two  kilt>^'ninimes  ;  the  piston  6, 
with  a  fon*e  of  fivi*  kilotrnuuin«*'<.     And  h>  will  it   U»  with  anv 

• 

other  fMirtion  of  >urrare,  riihrr  «»u  tbt*  sido  of  the  vt^tM?!  or  ini- 
nn*rs«M|  in  the  fluid ;  it  will  U*  pn*sM>d  ii|nmi  with  a  force  as  many 
tiui(*«>  ^nsiter  than  one  kiloi:r;unin«\  as  it  i*(  it^^df  trn^ater  than 
the  ^urfan•  of  the  piston  r. 

It  i<  f:i«.y  U\  MN»  that  this  i<  a  nero^^snnr  consequent***  of  tho 
coii*»titucion  of  liquids.  .*^inn»  flui<ls  an»  compn'SMblo  nml  elaMic, 
it  foll'»w<.  that,  on  pn»«*sini»  in  tb^  pi^^ton  d,  the  liquiii  is  vorr 
sliirbtly  i*«)nd4Miso<l,  and  tht»  «da«ilirity  of  rfimpn'*i*»ion  tb»v«di>|MMl  in 
its  particles.     Each  |Nirticle  at  onco  IxM^onies  like  a  licnt  spring. 
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and  presses  in  dl  directions.  If  the  particle  is  in  the  midst  of 
the  fluid  mass,  it  presses  against  tlie  neighboring  particles ;  if 
it  is  on  the  side  of  the  vessel,  it  presses  in  one  direction  against 
the  vessel,  but  in  all  others  against  similar  particles.  Since 
tlie  same  is  true  of  every  particle,  it  follows  that  the  pressure  ex- 
erted by  the  condensed  liquid  against  any  two  surfaces  will  be 
proportional  to  the  number  of  particles  in  contact  with  these  sur- 
faces ;  and  as  the  particles  have  the  same  size,  it  will  also  be 
proportional  to  the  area  of  the  surface.  Hence  the  pistons  d  and 
c  will  bo  pressed  out  each  by  the  same  force,  the  piston  a  by  a 
force  twice  as  great,  and  the  piston  6  by  a  force  five  times  as 
great,  as  this.  From  the  principle  of  equality  between  action  and 
reaction,  it  follows  that  the  outward  pressure  on  the  piston  c  is 
exactly  equal  to  the  force  applied  to  press  it  in ;  so  that,  if  this 
piston  is  pressed  in  with  a  force  of  one  kilogramme,  the  piston 
d  is  pressed  out  with  the  same  force,  the  piston  a  with  a  force  of 
two  kilogrammes,  etc. ;  which  was  the  proposition  to  be  proved. 

Representing  the  area  of  any  portion  of  the  interior  surface  of 
a  vessel  by  S,  and  that  of  any  other  portion  by  S  ;  representing 
also  by  S  and  £'  the  pressure  exerted  against  these  surfaces  by  a 
confined  liquid,  in  consequence  of  any  compression  ;  we  have 

S:S'=  S:  S'.  [77.] 

Moreover,  it  is  evident  from  the  principle  involved,  tliat  this 
equation  is  true,  not  only  for  the  surface  of  the  vessel  itself,  but 
also  for  that  of  any  solid  immersed  in  the  compressed  liquid,  or 
for  any  section  of  liquid  particles  whatsoever  in  tlie  vessel. 

(121.)  The  line  indicating^  the  direction  of  the  pressure  ex- 
erted by  any  liquid  particle  against  the  surface  with  which  it  is 
in  contact^  is  always  a  perpendicular  to  this  surface  at  the  point 
of  contact.  If  the  surface  is  a  plane^  the  line  is  a  perpendicular 
to  this  plane ;  if  the  surface  is  curved^  the  line  is  a  normal  to  this 
cvrt^e.  The  truth  of  this  principle  will  be  seen,  if  we  consider 
what  must  1x5  the  result  if  the  direction  of  the  pressure  were 
oblique.  It  is  evident  that  such  oblique  pressure  would  be  re- 
solved into  two  forces  (35),  one  perpendicular  to  the  surface,  and 
the  other  tangent  to  it.  The  second  component  could  of  coui-se 
exert  no  pressure  aprainst  the  surface ;  so  that  the  wliolo  i)rcssure 
exerted  by  the  liquid  particle  would  be  that  of  tlie  first  compo- 
nent, which  is,  as  the  proposition  requires,  perpendicular  to  the 
surface  at  the  point  of  contact. 
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When  the  surface  i»  plaiio,  the  diiXHjtiuiis  uf  the  pressures  ex* 
crtod  by  the  particles  aro  all  |>arullel.  It  is  then  alwavs  po9sit»le, 
hy  ( *^1M«  to  find  a  coumion  iviiultant  of  all  thcM*  parallel  forvet. 
The  |Kiiiit  of  application  of  this  resultant  is  culled  the  cemirr  of 
prvssHre.  When  the  pressures  exerted  hy  the  M*|»arute  (mrticles 
are  all  etpiaK  the  centre  of  pressure  is  always  the  enitre  of  figure 
of  the  surface,  in  the  case  of  the  pistons  (Fi^.  .L'l),  the  centre 
of  pressure  is  in  each  one  the  centre  of  the  circnlar  ba>e«  and  iu 
studying  its  mechanical  eflfects  we  may  regard  all  the  pressure  vla 
concentrated  at  that  |Miint.  Were  the  base  of  the  piston  con- 
cave, then  the  directions  of  the  pressures  exerteil  by  the  si*|Mirate 
particles  wonid  no  longer  lie  |)arallel  ;  since  the  lines  indicating 
these  direi*tioas  wonId  diverge  from  the  centres  of  cun'ature. 
Coin|»arc  ( <>0 ).  Moreover,  as  the  area  of  the  curved  surfai^e  would 
be  greater  than  that  of  the  plane  surface,  it  is  evident  that  the 
total  amount  of  pn*ssnre  which  it  would  sustain  under  the  same 
circumstances  wouhl  l>e  greater ;  but  it  can  lie  proval  that  the 
pressure  available  in  moving  the  piston  would  be  the  same  as 
before.  For  this  pur|Hise,  it  is  only  necessary  to  decoiii[Mise  the 
pressure  exerted  by  each  |Kirticle  inUi  two  fon*es,  one  acting  in  a 
direction  which  is  (uirallel  to  the  axis  of  the  cylinder,  and  the 
other  at  right  aiiglo  to  this  direction.  The  forces  acting  (larullel 
to  the  axis  of  the  piston  are  obviously  the  only  ones  wliich  are 
available  in  niovini;  it ;  and  the  sum  of  these  forces  will  l»e  found 
to  Ik»  thf  sam»»  as  the  total  prosure  which  would  Ihj  exerted  if 
the  buM*  of  the  cylinder  wen*  a  plane. 

( 1-2.)  Uifdrostatic  Prrss,  —  This  most  U^autiful  application 
of  the  n|uality  of  pressun?  wii^s  eoiici*ivi*d    by   Pasi*al  ;  but  the 

dirtienlly  of  avoiding  the  es<*a|N*  of  water 
fnnn  th«'  joints  of  pistons  pn»vcnted  him 
from  DMlixint;  hi<  r«Hi«*i*ption,  and  the 
prt'ss  wa**  fip'^t  eonstructed  by  Hramah,  in 
171**1.  at  I^Hidon. 

It  i*  |»iTf«Ttly  evident  that  the  principle 

of  ii|u:ility  of   pri*-»'Un*'*  t|iMlue«»d   in   the 

last  stN'tiui  i>  iMitin*ly  iiid**|ieiident  4»f  th«» 

lnf.]i«  f4>rm  of  tli«»  Vf^"-«»l.  and  we  may  tlnTi*f»»re 

givf  to  the  v»»«.M»|  till*  form  of  Fig.  lll«i,  in 
which  the  area  of  the  piston  /'  r  in  twenty  timt*s  a**  large  a«»  that 
of  the  piston  a.     Hence  it  follows,  that,  if  we  press  in  Uie  |ii»- 
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ton  a  with  a  force  of  fire  kilogrammes,  tlie  piston  b  will  be 
forced  out  wiU)  twenty  times  as  much  force,  or  one  hundred  kilo- 
grammes ;  and,  on  the  otUcr  hand,  if  we  press  in  the  piston  b  e 
with  a  force  of  one  hundred  kilogrammes,  the  piston  a  will  be 
forced  out  with  a  force  of  only  live  kilogrammes.  It  is  evidently 
unimportant  that  the  connection  between  the  piston  should  be  so 
direct  as  in  Fig.  216.  If  it  is  efTected  by  a  long  and  narrow  tube, 
the  principle  will  still  hold  true,  provided  only  tliat  the  joints  are 
tight  and  the  material  of  the  vessel  unyielding. 

The  hydrostatic  press,  which  is  used  in  the  arts  for  producing 
great  pressure,  is  only  a  modification  of  the  apparatus  represented 
by  the  digram.  Fig.  216.  One  of  the  most  usual  forms  of  this 
machine  is  represented  in  perspective  by  Fig.  217,  and  in  section 


by  Fig.  218.  The  same  parts  are  lettered  alike  on  the  two  figurei'. 
It  consists  of  two  cylinders,  A  and  B,  connected  together  Ity  a  tul>e, 
K.  In  the  larger  cylinder  moves  the  large  piston  P,  which  is 
made  in  the  form  of  a  plunger,  touching  tlie  walls  of  the  cylinder 
only  at  the  top.  where  it  passes  tlirough  a  water-tight  packing. 
0>  thfl  top  of  this  piston  is  a  platform,  which  rises  and  falls  with 
19" 
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it,  and  ttic  articles  to  bo  aubmittcd  to  pressure  are  placed  betweea 
lliis  and  a  Bccoud  platform,  Q,  which  is  firmly  fasteried  to  the 
floor  by  ineatis  of  four  iron  columns,  which  alxo  scrrc  to  ^ide 
tlie  motion  of  tlie  lower  platform.    Tlie  small  piston  p  is  cou> 


siniclcd  exaotlr  like  the  larger,  and  is  moTcd  up  and  down  in 
tlic  crlinder  by  the  piimp-hundle  .V.  Tbo  nnall  cylinder  aci« 
as  a  foreu-punip.  It  <x>nniM;ts  with  a  reservoir  of  water  below 
by  nieano  uf  a  lul*e  tcniiiimting  with  a  rott,  a.  This  tu)>e  is 
guarded  by  a  s'Aw.  r,  whivb  ttlluwit  the  water  to  flow  up  into  ll>« 
pump,  but  not  in  the  R'vcrsc  •)iri>cii<in.  It  w  evident  from  tl)i>  dc- 
Kription,  ihut,  on  wurkinif  tliv  handle  .V.  water  will  be  alternately 
MU-ked  up  fn>in  (he  n'M-rvuir  nnd  forvtHl  into  the  largo  cylinder 
/I,  tbruu^h  tbo  pipe  A',  from  Hhioh  it  i>  prevented  from  rrluntinir 
by  a  vatve  nl  o.  Thi-  iarp'  piston  will  tbuslie  forced  up  by  a  prt^ 
Mire  which  will  be  a"  nuieh  (ireatiT  than  that  exerted  on  tlie  >niall 
pi-Ion  a!"  tlie  urea  of  itn  weliim  is  (rreaier.  If.  fur  example,  it  i* 
a  bnndn-d  time«  as  liinr".  it  will  l>e  pressed  up  with  a  f<irei<  •iii«> 
hundred  timOK  fcrenler  than  that  exertnl  on  />.  Thiii  fun-e  ran 
U-  »o  nineli  increa<>ed  by  tin-  b-vcr  .V.  that  a  man  can  ea>ily  i'x.Tt 
tt  downwanl  pn—Hn-  "f  I'l'i  kil>i:fninimi-!>  on  p.  and  tin*  |n>t<iii  /• 

will  iboii  In.'  pn-".d  npwiib  a  Ton pial  I.,  l.'i.mm  kil.nrmmnf!i. 

It  mu.-t  Iw  n>Uii-i'ii.  b>iwi-viT.  ih;it  the  pihUni  /'  will  ri>e  very 
slowly,  and  a>  much  nutn-  >hiwly  than  tli>'  uiolion  of /<  as  the  anti 
of  ill  M>etii>n  w  irri-ai  t.  Tin-  is  in  aixordance  with  a  well-known 
priiii-iple  of  niecliHiii---,  wliicli  i>  true  of  alt  niaobinef.  that  what  i» 
f[aiiii-il  in  fon-e  i*  loj-t  in  n-bii-ity  ( or  ext>'iil  of  motion ).  In  the 
prervnt  caae,  in  order  to  raitv  tlie  piston  /'  one  metre  under  a  force 
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of  15,000  kilogrammes,  it  is  necessary  to  push  down  the  piston  p 
through  one  hundred  metres  with  a  force  of  150  kilogrammes. 
This  is  accomplished  by  repeated  motions  of  the  handle  M. 

The  tube  K  is  furnished  with  a  safety-valve,  i  (Fig.  218),  kept 

in  place  by  a  weight  acting  on  it  through  a  lever  (Fig.  217). 

There  is  also  a  valve-cock  at  r,  by  which  the  water  in  the  cylinder 

B  may  be  vented  into  the  reservoir  H,  in  order  to  lower  the  pis* 

ton  ;  and,  lastly,  a  third  valve-cock,  by  which  the  communication 

ibetween  the  cylinders  may  be  closed  when  it  is  desirable  to  keep 

the  articles  under  pressure  for  some  time.     The  peculiar  form  of 

the  packing  at  n  is  also  deserving  of  notice.     It  is  made  of  thick 

leather  saturated  witli  oil,  in  the  form  of  an  inverted  U,  and 

the  more  the  water  is  compressed,  the  more  firmly  the  leather  is 

pressed  against  the  sides  of  the  cylinder  and  piston. 

Tlie  hydraulic  press  is  applied  in  the  arts  for  a  great  variety  of 

purposes,  such  as  packing  dry  goods  in  bales,  pressing  out  printed 

sheets,  extracting  oil  from  grains,  and  testing  steam-boilers.     It 

uras  also  used  for  raising  the  iron  tubes  of  the  Britannia  Bridge 

over  the  Menai  Strait. 

(123.)  Pressure  exerted  by  Liqvids  in  Consequence  of  their 
Weight.  —  In  the  first  place,  let  us  consider  what  will  be  the 
pressure  exerted  by  a  liquid  on   the  bottom 
of  the  containing  vessel.     Let  a  r  m^  Fig.  219,  J^ 

be  a  conical  vessel,  which  we  will  suppose  filled  ^- 4^V 

with  water   to   the  point  o.     Let  us  suppose  ^LX/jW 

the  liquid   to  be  divided  into   a   number  of         ^[^^:v:-±--:W 
strata  by  the  planes  6  c,  e?  rf,  ig-,  /?  n,  which      ^'•--;:i::--'^ 
we   may  take  as  thin  as  we  wish,  and   only      ^^^^^^^Jn 
consider  in  each  stratum  the  cylindrical  mass      ^^^^^fe^ 
enclosed   in    dotted    lines.      It    is    now   evi- 
dent that  the  pressure  exerted  by  eacli  cylindrical  mass  on  its 
own  base  will  be  equal  to  its  own  weight.     Tlien,  from  the  prin- 
ciple of  Pascal,  tlie  pressure  exerted  by  the  weight  of  the  first 
mass  will  be  transmitted  to  the  whole  section  b  c,  so  that  this  will 
have  to  support  a  pressure  as  much  greater  tlian  the  weight  of  the 
first  mass  as  the  area  of  this  section  is  greater  than  the  area  of  the 
base  of  the  first  cylinder.     Hence  it  follows,  that  it  will  support 
a  pressure  equal  to  the  weight  of  a  column  of  water  whose  l)ase 
equals  b  c,  and  whose  height  is  that  of  the  first  cylinder.     This 
pressure  will  then  be  added  to  the  weight  of  the  second  cylinder, 
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which,  on  tho  samo  principle,  will  be  transmitted  to  the  wk^sle 
section  e  d ;  and  hence  tho  resulting  pressure  exerted  on  the 
tion  c  d  is  ecpial  to  the  weight  of  a  column  of  water  whoM 
equaU  this  section,  and  wliose  height  equals  tho  sum  of  sJic 
heights  of  the  first  and  second  cylinders.     Tho  same  courw      ^ 
reasoning  may  Ik3  extended  to  tho  sections  ig^  pn^  and  also      t** 
the  base,  r  m.     Hence  the  pressuro  on  tho  base,  rm^  is  e<|ual      t*^ 
tho  weight  of  a  column  of  water  whoso  base  equals  this  Ikl-^'-^ 
and  who^  height  etjuals  tho  sum  of  tho  heights  of  all  tiio  crii  i'^ 
dors,  or  o  m. 

This  demonstration  is  evidently  independent  of  tho  numlM^r  «^^ 
(Strata,  and  must  therefore  hold  when  this  number  is  infinite  am 
the  vessel  conical.  It  is  also  evident  that  it  is  independent  of  tl 
f%>rm  of  the  vi*ssel.  It  would  hold  if  the  vessel,  remaining  conica/, 
were  placed  in  an  inverted  |)osition,  or  for  a  vessel  of  any  sliape 
whatsoever.  We  may  therefore  conclude,  as  the  general  rc»ult 
of  this  discussion,  that  the  pressure  exerted  b^f  a  liquid  om  the 
horizontal  base  of  the  containing;'  vessel  is  equal  to  the  treiffki  of 
a  column  of  this  liquid  trhose  base  equals  the  base  of  the  vessel^ 
and  trhose  heii^ht  equals  the  depth  of  the  liquid  im  the  vessel. 

The  fact,  that  the  pressure  exerted  by  a  liquid  on  the  bottom  of 
the  vessel  containing  it  is  inde|iendent  of  tho  form  of  the  resnel, 
may  In3  demonstrated  ex|>eriinentally  by  means  of  the  apparatus 
n'presiMitod  in  Fig.  2-0,  which  was  invented  by  Haldat,  and  is 
known  by  his  nann».  It  consists  of  a  U*nt  glass  tul>e,  -4  B  C,  at 
one  end  of  whii'h.  A,  is  a  bniss  cap,  to  whicli  may  lie  screwed  eitlier 
of  the  irlass  vc>s«'U  M  and  P.  There  is  alxi  a  cock  bv  which  tho 
liquid  in  ilie  v«»sm'1  niay  1m»  drawn  off.  In  onlor  to  make  lite  ex- 
|MTini<nit.  w«»  till  tin;  b'Mit  tul»c  with  mercury,  and  then  screw  into 
its  phicf  the  birir^T  of  the  two  vessels,  which  we  fill  with  wator. 
Tlii»*  pH'^iSi's  up  the  nuTcury  in  the  branch  f,  and  we  mark  the 
Icvid  to  which  it  ris«?s  by  means  of  the  ring  a.  We  also  mark  the 
level  of  the  water  in  the  vrsM*!  bv  means  of  the  index-n)d  r.  wliich 
we  pu^h  down  until  it  just  touches  the  surface.  Wo  then  draw  off 
the  water,  and,  having  replaced  the  ve^^sel  ^f  by  the  smaller  vev 
sel  I\  we  fill  this  with  water  to  the  simie  height  as  marked  by  tho 
index,  when  we  finti  that  the  mercurv  rises  in  the  branch  C  to 
pnviM'ly  the  same  level  as  U*fore.  As  the  effect  produced  by  tho 
pre^^u^»  of  the  water  in  the  two  caM»s  is  the  same,  we  hare  a 
right  to  conclude  that  t)io  two  pressures  are  equal.     This 
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nire,  then,  is  independent  of  the  form  of  tlio  vessel  or  of  the 
qnaDHQr  of  water  ;  and,  since  the  base  of  the  vessel  is  the  sarae  in 
both  cases,  (that  is,  the  surface  of  the  mercury  in  the  tube  A,') 
and  the  height  of  the  liquid  also  the  same,  it  is  evident  that  tlie 
o^aality  of  pressure  is  a  necessary  result  of  the  principle  before 
jwoved. 

(124.)  Ujncard  Pressure.  —  If  we 
consider  any  given  section  of  liquid, 
»&pn.  Fig.  219,  it  is  evident  that  the 
particles  on  this  section  are  com- 
pressed by  the  weight  of  the  liquid 
above  them,  and  hence  must  bo  ex- 
erting pressure  in  every  direction, 
and  just  aa  much  upward  pressure 
aa  downward  pressure.  If,  then,  we 
immerse  in  the  liquid  a  cylindrical 
body,  such  as  c  d,  Fig.  221,  it  is  plain 
that  the  particles  of  water  in  contact 
with  the  base,  d,  of  the  cylinder,  be- 
ing in  a  compressed  condition,  must 
exert  an  upward  pressure  on  the  base 
of  the  cylinder  equal  to  the  pressure  '"" 

they  exert  on  the  section  of  liquid  next  below  them.     Thii 


\ 
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jin^ssuro,  Iir  tlio  last  section,  is  equal  to  tlio  vciglit  of  a  (olniim 
(if  liiiuiil  liuriiig;  tlio  same  lin^  as  tlio  cylinder,  and  hanng  > 
Itvi^rlit  ccpiul  to  tlio  dcptli  uf  tlic  section  below  tlie  mriace  vf  ibc 
liquid. 

(V2:t.)  Pressure  on  the  Stiles  of  a  Vettel. — This  same  count 
of  n'liMiuitig  may  also  bo  extended  to  tlio  prcssuni  exerted  )>;  ■ 
liquid  u<raiiist  tlio  sidoHurtlie  containing  votwol.  It  \a  evidiiiUk 
cxamjilc,  that  the  ])articloa  of  the  liquid  in  contact  vitli  ik 
'  piston  b,  Fig.  221,  are  in  a  itste  uf 

tension  caused  bj  the  pressure  oi 
(lie  weight  of  liquid  ^wtc  (hem  - 
They  arc  thoreroro  exerting  pctsmr"* 
ill  all  directions,  and  lienee  also  again^^ 
the  Rurfuco  of  the  piston  in  direciioi^^ 
whicii  are  perpendicular  to  tliat  tu^^" 
face.  Now  the  prcseure  of  any  Ott-  ^ 
particle  is,  by  the  principle  of  (XH 
c<{uul  to  the  weight  of 
of  t^imilar  particles  whose  height  i^-'** 
equal  to  the  depth  of  tliis  particle  be-""^^ 
low  the  Kurface.  And  since  tlic  totaC-'^ 
pressure  against  the  piston  is  equal  liff^-^** 
tilt*  siun  of  the  presanivs  of  tlie  te^h-  * 
arate  iiarticlcs,  it  follows  tliat  /A/  t*4M^^ 
"*  ~  pn-ssure  is  ei/ual  to  tht  veigkt  of  ^^* 

roliiiiiit  ii/liiiiiiit.thr  tinn  o/ir/iosr  huse  is  rtpial  to  the  area  of  tkc"^ 
riirf'iiir  iif  ihr  fiistiin.  inn/  v/itisr  hri^sht  is  rifual  to  Ike  mean  drptk 
of  Ihr  riiriiiii.1  /I'lrliih s  tnlotr  Ihr  surfiicr.  This  mean  di'pth,  in 
lln-  cxniiiiili'  ninliT  •-■>ii>idiTali<in.  is  t-vidently  llie  depth  of  tlw 
•■■■iilr.-  uf  ill.-  |.i-ti.[i,  Limi  lii-ncf  f  ^'  is  u  coliiniu  of  liquid  whwe 
Wfiirlit  U  '■■|u;il  to  III'-  |>ii-'-ui<'.  In  tin*  siiuic  wnT,  tin*  |•r<>^sur« 
u£;:kiii-l  III.'  |>i-li>ii    U  it.  •■qnul  !■■  llu-  (■oUiniii  n>|in>scii(>'d  by  A  i. 

It  i-  ra-y  to  .'xi.'h.l  ilii-  .in ir.ir!ilioii  lo  any  (mrtiou  of  the 

sid—  uf  a  V.--.I.  vi]i.tli.T  i.I:iin-  or  inrv.-.i.     It  .-an  b1m>  eawly  \<e 
pr..v,-.l  ili.u  III-  ni":>ii  il.i.tb  of  tiM-  lari.His  parti.l.-s  of  liquid  in 

i-.iiil:tii  Willi  any  -uif; i-  In  .-v.-rvr:!-. |nul  tit  the  depth  of  tlic 

.■.■iitr."  of  i;r:.\ily  ..f  tl |wrti.-l.-v 

W.-r-  lb-  [.r.-*Hn'  ■■x.-rt.-.i  l.y  .•si.li  of  th.-  jwriifb-*  of  water  in 
i»til;i.-l  witli  tin-  piMoii  I  Fiir.  --1  i  tin-  wiiii.-.  tb-  n-nliv  of  prw 
cure  ( IJl )  would,  us  in   Fiir.  "Jl.*..  coincide  with  the  cciitiv  oi 
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igurc.  This,  however,  is  not  the  case  ;  the  particles  below 
he  level  of  the  centre  of  the  piston,  being  at  a  greater  depth, 
xert  a  greater  pressure  than  those  above  this  level.  Hence 
he  point  of  application  of  the  parallel  forces  which  they  ex- 
rt,  (being  nearest  to  the  greater  forces  [20],)  must  bo  below 
he  centre  of  figure.  In  any  similar  case,  the  position  of  the 
entre  of  pressure  is  below  the  centre  of  gravity  of  the  particles 
omposing  the  section  against  which  the  pressure  is  exerted,  and 
t  can  always  be  found  by  calculation  when  the  form  of  the  sur- 
face is  known. 

(126.)  Generalization.  —  The  separate  results  at  which  we 
lavc  arrived  in  the  last  three  sections  may  be  generalized  as  fol- 
ows  :  The  pressure  exerted  by  a  liquid  an  any  section  whatso- 
Tver  is  equal  to  the  weight  of  a  column  of  the  liquid^  the  area  of 
whose  base  is  equal  to  the  area  of  the  section^  and  whose  height 
is  equal  to  the  depth  of  the  centre  of  gravity  of  the  section  below 
the  surface  of  the  liquid. 

(127.)  The  pressures  exerted  by  two  liquids  on  equal  sections 
at  equal  depths  are  proportional  to  the  specific  gravities  of  these 
liquids.  It  follows,  from  the  last  section,  that  the  two  pressures 
are  equal  to  the  weights  of  equal  columns  —  and  hence  of  equal 
volumes  —  of  the  two  liquids.  But  it  follows  from  (69),  that 
the  weights  of  equal  volumes  of  two  liquids  are  to  each  other  as 
their  specific  gravities,  and  hence  the  pressures  exerted  by 
them  on  equal  sections  at  equal  depths  must  be  in  the  same  pro- 
rx>rtion. 

If  we  represent  by  S  the  area  of  any  section  in  sqiiare  cen- 
timetres, by  Hi\\Q  depth  of  the  centre  of  gravity  in  centimetres, 
we  have,  by  geometry,  for  the  volume  of  the  column  of  liquid 
whose  weight  represents  the  pressure,  V=II.  S,  in  which  V 
stands  for  a  certain  number  of  cubic  centimetres.  But  we  know 
by  [56],  that  W=  V .  Sp.  Gr.,  and  hence,  if  we  represent  the 
jiressure  exerted  on  any  section  by  i: ,  we  have 

ir=  W=H.  S.  (5/>.Gr.)  [78.] 

For  any  other  section,  having  the  eamc  area  and  at  the  same 

depth,  we  have 

f'=H.  S.  (Sp.Gry;  [79.] 

and,  comparing, 

S  :£'=(^Sp. Gr.)  :  ( Sp. Gr.y.  [80.] 
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(128.)  Hydrostatic  Paradox.  — \i  is  evident  from  (123),  that 
the  pressure  of  a  liciuid  on  the  bottom  of  the  containing  tgmcI 

may  l)C  very  much  greater  than  tiic  weight 
of  li(|uid  it  contains.  For  example,  the 
pressure  of  the  li<)uid  on  the  lK>ttom  of  tlie 
vessel  D  C\  Fig.  222,  is  the  same  as  if  iu 
diameter  were  equal  throughout  to  that  of 
the  lower  part ;  and  from  this  it  would  seem 
to  follow,  tliat,  if  the  vessel  were  placed  in 
the  |>an  of  a  Imlance,  M  N^  it  ought  to 
produce  the  same  eflTect  as  a  cylindrical 
vessel  of  the  same  weight,  containing  the 
same  height  of  water,  and  having  through- 
out the  diameter  of  the  |iart  D.  But  it  has 
U'en  shown,  that  the  li(|uid  presses  on  the  walls  n  o  as  well  as  on 
the  Inntom,  and,  since  this  pressure  is  in  an  upward  direction,  it 
will  tend  to  make  the  vessel  rise,  while  the  pressure  on  the  IkH- 
tom  tends  to  nuike  it  fall.  The  difference  of  these  two  pressures 
is  all  tliut  is  exerted  on  the  {»an  of  the  Imlance,  and  this  in  every 
case  is  just  e<|uul  to  the  weight  of  the  vessel  and  that  of  tlie 
li(|uid  which  it  contains. 

This  fact  is  usually  called  the  Hydrostatic  Paradox.  It  i«, 
however,  evidently  no  |iamdox,  hut  only  a  necessary  consequence 
of  the  mechunioul  condition  of  li(|uid  matter. 

Kt/uiiilprium  of  Liquids. 

(Vl\^.)  In  onler  tliot  there  should  l»e  a  condition  of  oqui* 
liKrium  in  a  li(|uid  \\\\\>^^  it  is  e^M'lltiul  that  each  |Mirticle  of  the 
liquid  should  1k'  pn»4Ml  nii  all  sides  e<|ually.  This  principle  — 
the  lir>t  ^tatenlent  of  whirh  is  nttrihuted  \o  An*hiniedes  —  is  a 
n«»«M>sary  roiiM»qu**nce  of  tin*  niohility  of  liquid  |iarlicK»s.  For, 
sup|M>M*  that  anv  oii«*  partich*  wen'  not  pn*sMHl  on  all  sides  e«|ual- 
Iv.  it  i*«  r\id«Mit  that,  lN*iiit;  fn'e  to  move,  it  must  nitive  in  the 
dirtM*tion  of  the  ^n»ate««t  pn's>un»,  and  there  would  not  l>e  an 
<M|uilihriuni  (2^). 

When  a  lii|ui«l  mass  un«lor  th«»  influence  of  gravity  is  su|»- 
)i«>rt**d  in  a  ve«>M*l,  it  in  e«»!i«*ntial.  in  ordtT  that  earh  particle  may 
U»  pr«*««ed  on  all  sifli*^  «N|ually  i  in  otluT  words,  in  order  that 
thi*r«*  niav  U>  a  condition  of  «Miuilil»riuni).  that  two  conditions 
sliould  U*  fulfdled,  which  we  will  now  consider. 
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1.  The  surface  of  the  liquid  must  be  perpendicular  at  each 
point  to  the  direction  of  gravity ;  tliat  is  to  say,  it  must  be  hori- 
zontal. 

To  prove  this,  let  us  suppose  that  the  surface  of  the  liquid 
lias  any  other  form,  as  iu  Fig.  223.  It  is  then  evident,  that 
the  force  of  gravity  acting  on  any  particle, 
^i»,  and  represented  by  the  line  mp  (31), 
-will  be  decomposed  into  two  others  (35). 
One  of  these,  represented  by  m  q^  is  nor- 
mal to  the  surface  at  the  point  m,  and, 
l)eing  balanced  by  the  resistance  of  the  *•!«  228. 

fluid  particles,  would  not  cause  motion.  The  second  compo- 
nent is  tangent  to  the  surface,  and,  not  behig  balanced,  tends  to 
move  the  particles  in  the  direction  mf  Hence,  under  these 
circumstances,  there  could  not  be  an  equilibrium.  If,  however, 
tlie  surface  is  horizontal,  the  tendency  of  the  force  of  gravity  is 
solely  to  sink  the  particles  under  the  surface,  and  since  all  the 
particles  at  the  surface  are  solicited  equally  by  this  force,  the 
equilibrium  is  maintained. 

It  follows  from  this,  that  the  surface  of  still  water  is  horizontal 
when  its  extent  is  so  limited  that  we  can  regard  the  directions  of 
the  forces  of  gravity  as  all  parallel  (44).  Such  is  not,  however, 
the  case  with  the  surface  of  the  ocean  when  at  rest,  or  of  a  large 
sea.  For  since  this  surface  must  be  perpendicular  at  every  point 
to  the  plumb-line^  and  since  all  plumb-lines,  if  extended,  pass  ap- 
proximatively  through  the  centre  of  the  earth,  it  follows  that  the 
surface  must  be  sensibly  spherical  (60). 

The  principle  just  illustrated  is  only  a  particular  case  of  a 
more  extended  principle,  which  may  be  thus  stated  :  — 

When  a  liquid  mass  is  in  equilibrium^  the  resultant  of  all  the 
forces  acting  at  any  point  of  its  surface  is  normal  to  the  surface 
at  that  point. 

2.  The  pressure  must  be  equal  over  the  whole  surface  of 
any  horizontal  section.  The  necessity  of  this  condition  is  easily 
shown.  For  suppose  this  not  to  be  the  case,  then  there  must  be 
somewhere  on  the  same  horizontal  section  —  for  example,  p  n. 
Fig.  219  —  two  adjacent  particles  which  are  not  equally  pressed 
by  the  superincumbent  liquid.  But  two  such  particles  must  ex- 
ert, in  consequence  of  their  elasticity,  an  unequal  pressure  on 
each  other,  a  condition  which  is  evidently  not  consistent  with  a 
state  of  equilibrium. 

20 
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At  Uio  ffurfoco  of  a  liquid  tho  pressttro  must  be  crcnrwlicre 
zero,  and  hence,  in  a  state  of  equilibrium,  the  surface  luu^i  lie 
horizontal ;  so  that  the  first  condition  may  be  regarded  as  a 
s[>ecial  case  of  the  last. 

This  condition  is  also  a  particular  case  of  a  general  princtfile, 
which  niav  Ikj  thus  btutod :  — 

Any  iiifuid  mass  in  equilibrium  may  be  regarded  as  consistimg 
of  an  infinite  number  of  laminft^  normal  at  each  poimi  of  tketr 
surface  to  the  resultant  of  all  the  forces  tthick  act  at  this  poitU^ 
and  sustaining  at  every  point  exactly  the  same  pressure. 

It  is  a  consotjuencc  of  this  principle,  that  any  liquid  mass,  which 
is  not  acted  upon  by  external  forces,  will  take  the  fomi  of  a  sphere 
in  consequence  of  the  mutual  attraction  of  its  own  fiarticles.  lu 
this  cu^e,  the  infinitely  thin  lamintt  are  concentric  spherical  »ur- 
faces,  and  the  resultant  of  all  the  forces  acting  on  any  |Muticle 
in  every  cilm?  |Kisses  through  the  centre  of  the  sphere,  and  is  nor- 
mal to  the  s|ihorical  surface  on  which  the  |M>int  is  bituattHl.  By 
no  other  form  than  the  sphere  would  tlie  conditions  of  e<|uilibrium 
lie  NitisfKMl. 

ObsiTvution  confirms  this  result  of  theory.  I>ro|«  of  wat«»r  or 
men*ury«  so  suudi  as  not  to  l>e  sensibly  deformed  by  their  own 
weight*  tako  a  s|iliericul  form  when  filaced  on  surfaces  they  do 
not  w<*t.  The  niinHln>|>  also  is  spJHTical,  and  in  like  mann«T  the 
dn>ps  of  ni(*lt4Ml  lra«l  Utumie  spliericul  while  fulling  in  the  ^hol- 
tow«*rs.  Hut  the  thmrv  i^  htill  more  l>eautifullv  ilhistratiHl  bv  au 
ex|»«Tinn»nt  di*viM»d  by  Pluteau. 

Hy  niixiipj  alcohol  and  wat<T,  a  liquid  can  lie  obtaineti  havini; 
the  ^an)«*  dfii«.ity  a>  oil.  If,  now«  we  atid  <lrti|»s  of  oil  to  the  lt«|uid, 
thoM*  di'o|i**,  as  we  shall  mmmi  m^i*,  an*  in  the  same  cuntlition  as 
if  tlM*v  bad  iiti  wriirbt«  and  in  eotiforniitv  with  the  tluH»rr  tak«* 
a  spherical  form.  I(y  can*fully  ihtHnlucing  the  oil,  a  spben*  tif 
con*^id«'rab|i*  ^i7«'  can  U*  foriiit>«l,  mi^|n>ii«1im|  in  the  alcoholic  fluid. 
IMatt*au  suct*4SMli'tl  in  iriviiiir  to  this  liquid  sphere  a  rolutttm  by 
niean*^  of  very  simple  machinery,  and  f(»un«l  that,  by  n*^ulating 
the  vi'l«M*ity.  h<*  conid  caUM*  it  to  lM*c«»mc  flattened  at  the  |M»b*s,  to 
thn»w  otV  rin^  and  satellites,  and  tbuh  in  \ariou»  ways  illustmte 
the  nebular  hy|M»tht*sis  of  I«aplace. 

(l:»o.  >  A  liquid  trhrn  in  et/uifibrittm  ahrays  mainiaims  the 
stime  Irrrl  in  rrssrh  rommuniftitiuiz  with  nich  othrr,  —  Tlii«  fa- 
miliar fact  is  iUubtrated  by  Fig.  ..4,  which  n*presents  four 
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sola.  A,  B,  C,  D,  comtnunicBtiug  tliroiigh  the  tube  mn,  in  all  of 
irhicli  the  liquid  stands  at  the  same  level.  That  this  must  neces- 
sarily be  the  case,  ia  easily  shown.  Consider  auy  vertical  section 
in  the  tube  m  n,  separatmg  the 
liquid  in  D  from  that  in  C, 
and  let  us  denote  the  area  of 
its  surface  by  S.  Now  it  is 
eridcnt  that  this  secUon  can  be 
in  equilibrium  only  when  the 
pressures  on  its  two  faces  are 
equal.  The  pressure  on  the 
face  towards  D  is,  by  [78], 
f=S.H.(^.  Gr.},  in  wliich 
H  is  the  deptli  of  the  centre  of 
gravity  of  the  section  below  tlie 
level  of  the  liquid  in  D,    Tho  ^    ^ 

pressure  on  the  face  towards  C 

is,  in  like  manner,  S  ^  S  .  H' .  (i^.Gr.),  in  which  H'  equals 
the  depth  of  the  centre  of  gravity  below  tlie  level  of  the  liquid 
in  C.  Since  tliese  two  pressures  are  equal  when  there  is  an 
equilibrium,  it  follows  that  jf=>  if',  which  demonstrates  tho  prin- 
ciple in  question. 

(131.)  When  two  vessels  communicating  together  are  filled 
witli  ditfcrcut  liquids,  which  will  not  mix  or  combine  chemically 
with  each  other,  tho  heights  of  the 
two  liquid  columns'When  in  equi- 
librium are  inversely  proportional 
to  the  specific  gravities  of  the 
liquids.  This  principle  may  be  il- 
lustrated by  means  of  the  apparatus 
represented  in  Fig.  225.  It  consists 
of  two  tubes,  m  and  n,  connected 
together  by  a  smaller  tube  below. 
The  lower  portion  of  both  tubes  is 
filled  with  mercury,  and  on  tho 
I  surface  of  the  mercury  in  tho  tube 
B  rests  a  column  of  water,  A  B.  If 
now  wo  conceive  a  horizontal  line, 
B  C,  drawn  across  the  ap[>aratus 
from  the  surface  of  the  mercury  at  B,  it  is  evident,  from  tho 
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last  section,  tliat  tlio  liquid  below  tliis  line  is  in  equililiriuni ; 
and  licncc  it  follows,  that  the  column  of  water  B  A  is  jusi  1«1- 
anced  by  the  column  of  mercury  D  C  On  measuring  tlicM  two 
heiglits,  it  will  be  found  that  D  C  is  thirteen  and  a  half  limes 
smaller  than  A  B  ;  and  by  referring  to  the  table  of  specific  grmv- 
ities,  it  will  be  found  that  the  specific  gravity  of  mercury  is  thir- 
teen and  a  half  times  greater  than  that  of  water ;  or,  in  other  words 
the  heiglits  are  inversely  pro[)ortional  to  the  specific  graTities. 

The  truth  of  this  principle  can  easily  be  proved.  If  we 
represent  the  surface  of  the  mercury  at  B  by  ^,  and  tiie 
height  of  the  column  of  water  B  Ahy  U^  the  sjM^cific  gravity  of 
water  by  t^hGr.y  then  by  [78]  the  pressure  on  the  surface  is 
/  =  ^* .  // .  {Sp.Gr.^.  In  the  same  way,  the  pressure  of  tlie 
column  of  mercury,  C  A  i»  /'  =  'S' .  //'  .  ( 4^.  Gr.)',  where  /?  is 
Uie  area  of  the  section  at  C,  H'  the  height  of  the  column  C  Z>, 
and  {Sp.Gr.y  the  s[)ecific  gravity  of  the  mercury.  Now,  it  fol- 
lows from  (120),  that  there  can  be  an  etjuilibrium  only  when  tlie 
pressures  exerted  on  the  two  surfaces  at  B  and  C  are  proportional 
to  the  area  of  these  surfaces,  or  when  /  :  /'  =s  S  :  ^''.  Sul>>ti- 
tuting  the  value  of  /  and  f\  we  find  that  when  this  is  the  case, 

U.  (Sp.Gr.)  =»  H'  .  {Sp.Gr.y, 

or  [^l] 

II :  II  =(  Sp.  Gr.y  :  (  Sp.  Gr.). 

Hence,  tlicre  can  In?  an  e<|uilihrium  only  where  the  heijrht5  of  the 

two  C4*lumiis  are  inversely  as  the  s|H»cific  gravities  of  the  lii|uitU. 

(1'52. )    Spirit' LrreL  —  We  have  seen  that  the  surface  of  a 

liquid  ut  rest  is  always  horizontal,  that  is  to  say,  |«r[K.Midicul.ir  to 

the  direction  of  gniviiy. 
We  have,  therefon\  in 
this  fact  a  n^adv  meaii« 
of  <ietennining  the  Imr 
i/ontal  plane.  The  s[»ir- 
il-level,  whieh  is  um-*1 
for  this  purjw»o,  con- 
si>t!<  of  a  tnU»  of  glass 
(  Fig.  !!-•» )  very  slightly 
curved,  and  filled  with 
fit  tr  alcohol,*  leaving  only  a 
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small  bulb  of  ur,  vhich  always  tends  to  occupy  the  liighest  part. 
The  tube  ie  hermetically  sealed,  and  mounted  on  a  brass  or 
wooden  staud,  D  C,  Fig.  227,  the  base  of  which  is  carefully  ad- 
justed, 80  that  wheu  it  rests  on  a  horizoutal  plane,  P,  the  air- 
bubble,  M,  shall  rest  just  at  the  middle  of  the  tube. 

(133.)  Arteiian  Wells.  —  The  tendency  of  water  to  seek  its 
own  level  is  illustrated  by  all  seas,  lakes,  springs,  and  rivers, 
wliicb  are  so  many  vessels  connecting  witli  each  other.  One  of 
tlie  most  remarkable  of  this  class  of  illustrations  is  the  Artesian 
well,  named  from  the  old  province  of  Artois,  in  France,  where 
these  wells  were  first  made.  They  are  narrow  tubes  sunk  in  the 
earth  to  various  depths,  in  which  the  water  frequently  rises  many 
feet  above  the  surface  of  the  ground. 

The  principle  of  tlie  Artesian  well  is  illustratod  by  Fig.  228. 
The  crust  of  our  globe  is  formed  of  numerous  strata,  some 


«r  which  are  permeable  to  water,  like  sand  and  gravel,  while 

others,  such  as  clay,  are  impermeable.     Let  us  suppose,  then, 

tliat  in  a  geological  basin  we  have  an  alternation  of  such  strata, 

for  example,  two  beds  of  clay-rock,  A  and  B,  enclosing  a  bod 

of  some  permeable  material,  M,  as  sand ;  and  let  us  also  suppose 

that  the  sand  bed  comes 

to  tlie  surface  at  some 

higher  level  (Fig.  229), 

where  it  will  receive  the 

rain-water.     Tliis  water 

vill   filter   through  the 

sand  and  collect  under 

the  geographical  basin, 

without  being  able  to  rise  to  the  surface,  on  account  of  the  clay 

bed  A.     But  if  we  sink  a  tube  through  this  bed,  it  is  evident 
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Jtat  the  water  will  rise  to  a  lioight  as  much  aboT«  Um  kmI  ma  u 
tlie  IcTct  at  wliivli  it  stands  iu  Uia  (tuculiar  reaerroir  fornwd  hj 
tho  clhj  beds. 

TIicM}  wulls  are  sunk  with  a  peculiar  fbrm  of  auger,  which  is 
worked  within  eii  iron  tube,  the  tube  be- 
ing drivuii  down  as  fast  ns  tJio  auger  de- 
ficx'iids.  Une  of  tlie  mcRft  remarkable  of 
tliCM!  wulls  is  tliat  uf  Orciielle,  on  llie  out- 
skirts of  Paris.  It  is  548  metres  deep, 
and  jridds  3,000  litres  of  water  each  min- 
ute. The  water  bus  a  constant  tompcra- 
of  27'  C. 

(134.)  Salt  Wet/s.  —  An  illustration 
of  tho  principles  of  section  (181)  is  fur- 
nished by  the  mode  in  which  salt  wells  are 
worked  in  K>me  parts  of  Germany.  It  not 
unfrcquently  bappcii!),  Uiat  beds  of  rock-iult 
occur  ill  the  wid^t  of  iupcnncablo  strata 
(see  Fig.  '2H}).     It  con  tlieu  be  extracted 
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in  the  riillowiiifi  way.     An  Artesian  well  ;, 

(Fi^.  '2'-'\ )  IN  fir-t  cnitk  to  al)uut  the  mid-  4 

die  of  the  W'ii.     Wiibin  this  well  is  en-  J 

cbMKi  a  fniallor  tul>e  of  rtip|ier.  ih^^-cnd-  I 

ill);  lu  the  Imttom  of  the  lH.-d  of  ^alt,  and  J 

then-fore  considerably  lower  than  ilie  iron  ( 

tube  fonninff  the  sides  of  the  wvU.     The  ''•J 

lower  end  of  the  cflp|ier  tnl>c  in  closed,  but  i  | 
it  in  [wrforaWd  wiih   little  holcn  to  tho 
hci)rbl  of  a  few  metres,  which  allow  the 
water,  but    not    dirt,   to    enti-r.       From 
some  ronvenient  sonrce  fresh  water  is  made  to  flow 
and  descends  outside  of  the  copper  tube  to  tlie 


THE  THREE  STATES  OF  MATTER.  235 

dissolves  the  salt,  and  the  heavy  brine  sinks  to  the  bottom  of  the 
bed,  where  it  finds  the  lower  end  of  the  copper  tube.  This  tube 
then  fills  with  salt  water ;  but  the  brine  does  not  rise  to  the  sur- 
face of  the  soil,  but  only  to  such  a  level  that  the  column  of  brine 
in  the  interior  copper  tube  shall  be  in  equilibrium  with  that  of 
water  in  the  annular  space  outside.  The  specific  gravity  of  sat- 
urated brine  is  about  1.20,  that  of  water  being  1;  hence,  if  we 
represent  Uie  heights  of  the  two  columns  by  H  and  ff',  we  shall 
have  II:  H'  =  1.20  :  1.  If,  then,  the  depth  of  the  well  is  200 
metres,  the  brine  will  rise  ^-^  .  200  =  166,  and  consequently  to 
a  level  34  m.  below  the  surface  of  the  soil.  Through  tills  dis- 
tance it  is  raised  by  a  pump. 

Buoyancy  of  Liquids, 

(135.)  Principle  of  Archimedes,  —  All  liquids  buoy  vp  solids 
immersed  in  them  with  a  force  equal  to  the  weight  of  the  liquid 
displaced.     This  very  important  fact  was  discovered  by  Archime- 
des, and  is  generally  known  under  tlie  name  of  tlie  Principle  of 
Archimedes,     It  is  generally  stated  that  the  discovery  was  made 
1)y  this  renowned  philosopher  of  antiquity  while  reflecting  on  the 
T)uoyancy  of  tlie  water  on  his  own  body  when  he  was  bathing ;  and 
he  is  said  to  have  been  so  much  elated  by  the  discovery,  that  he 
rushed  from  the  batli  tiirough  the  streets  of  Syracuse,  exclaiming, 
EvpTjKa  !    evfyrjxa  ! 

The  principle  of  Archimedes  may  be  illustrated  by  means  of 
the  apparatus  represented  in  Fig.  232.     The  brass  cylinder  B 
is  made  so  as  to  fit  accurately  the  brass   cup  A,     In   experi- 
menting with  the  apparatus,  the  cylinder  and  cup,  having  been 
suspended   to  one  pan  of  a  balance  arranged  for  the  purpose, 
are  carefully  poised,  by  placing  weights   in  the  opposite  pan ; 
the  cylinder  is  then  immersed  in  water,  as  represented  in  the 
figure.     In  consequence  of  the  buoyancy  of  the  liquid,  the  pan 
containing  the  weights  will  preponderate.     According  to  the  prin- 
ciple, this  buoyancy  is  equal  to  the  weight  of  the  water  which 
tiie  cylinder  has  displaced.     But  from  tiie  construction  of  the 
apparatus,  the  cup  A  will  hold  exactly  this  amount  of  water ; 
and  hence,  if  the  principle  is  correct,  the  equilibrium  will  l)e  re- 
stored on  filling  the  cup  A  with  water,  —  and  this  we  find  to  be 
the  case.     The  same  result  would  also  be  obtained  with  alcohol, 
or  with  any  other  liquid. 


CHUnCAL  PHTRCS. 


It  Bppoan,  tlieii.  that  tho  cylinder  is  buoyetl  up  by  «  fiirre 

equal  to  the  wi>i|Elit  of  tho  liquid  which  it  diiiplacoa.     But  tfai> 

■talviiieiit     ezprcaaes     ouir 


Olio  liiiir  of  the  tnitli  :  for 
it  is  a  nccwsary  re»ult  of 
the  ngiiahty  of  actiou  aiid 
reaction,  that  the  upward 
prc»urc  of  the  water  on  tbe 
cylinder  muHt  lie  accmiip*- 
iiiud  by  an  e<|uiTalont  dowu* 
ward  prviiNurc  of  llie  cyliu- 
der  oil  tho  wali-r  ;  or,  in 
uthcr  wurdx.  not  only  lliat 
thf  cyliiidtT  1(M»  in  wciptit. 
but  uIm>  llial  tho  watrr  (rains 
the  winitlit  which  tlie  cyl- 
inder hwcK.  In  onlpr  to  il- 
liibtrato    tliia   fact,  we   catt 
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arrange  the  experiment  aa  represented  in  Fig.  238.  We  first 
balance  the  vessel  of  irater,  and  then  immerse  in  the  liquid  the 
brass  cylinder,  snpported  as  represented  in  the  figure.  The 
vater  will  bo  found  to  have  gained  in  weight,  and  in  order  to 
restore  the  equilibrium  it  will  he  necessary  to  remove  from  the 
vessel  sufiicient  water  to  just  fill  the  cylinder  A. 

(136.)  Demonstration.  —  The  principle  of  Archimedes  is  a, 
necessary  consequence  of  the  law  enunciated  in  (126),  as  can 
easily  be  proved.  Let  us,  in  the  first 
place,  suppose  that  the  body  im- 
mersed in  the  liquid  is  a  right  cyl- 
inder, aa  c  d.  Fig.  234,  suspended  so 
liiat  its  bases  shall  he  horizontal. 
Consider  now  the  pressure  exerted 
by  the  liquid  at  any  one  point  on  the 
side  of  this  cylinder.  Ey  (121)  the 
direction  of  this  pressure  is  normal 
to  the  surface  at  this  point.  But,  as 
is  well  known,  this  normal,  if  pro- 
duced, will  coincide  with  the  diam- 
eter of  the  circular  section  of  the 
cylinder  which  would  bo  made  by 
a  horizontal  plane  cutting  tlie  cylin- 
der at  the  point  in  question.  Now, 
as  the  other  end  of  this  diameter  is 

in  contact  with  the  liquid,  and  at  the  same  depth  below  its  surface, 
it  is  evident  that  this  point  will  sustain  a  pressure  equal  in  amount 
and  opposite  in  direction  to  that  sustained  by  the  first  point. 
These  two  pressures  will  consequently  balance  eacli  other,  and, 
since  the  same  holds  true  of  every  other  similar  point,  it  follows 
that  the  whole  pressure  of  tlie  liquid  on  the  convex  surface  of  the 
cylinder  is  in  equilibrium. 

It  is  different,  however,  with  the  pressure  on  the  two  horizon- 
tal bases.  The  pressure  exerted  on  the  base  rf  is,  by  (126),  equal 
to  the  weight  of  the  liquid  cylinder  represented  by  e  g,  and  the 
pressure  on  the  ba-^c  c  to  the  weight  of  the  liquid  cylinder  A  i. 
There  is,  therefore,  an  excess  of  upward  pressure  equal  to  the 
weight  of  the  liquid  cylinder  fg,  which  is  equal  in  size  to  the 
cylinder  c  d.  The  cylinder,  then,  is  buoyed  up  with  a  force  equal 
to  the  weight  of  liquid  displaced. 
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(137.)  This  demonstration  may  readily  be  extended  to  a  bodj 
of  any  form  whatsoever.  Let  1 1'  i"  bo  the  body,  and  o  x«  o  jr, 
o  z  three  co-ordinate  axes  perpendicular  with  each  otlier,  to  which 
we  cau  refer  position.    The  pressure  exerted  by  a  liquid  on  any 

infinitely  small  element  of  surface* 
'»  is  by  [78]  f  =  s  .  II .  (Sp.Gf.). 
This  pressure^  which  by  (121)  is  nor- 
mal to  tiie  surface,  may  be  rc^iolved 
into  three  forces,  at  riglit  angle;*  to 
each  other  and  parallel  to  Uie  co-or- 
dinate axes.  Itepresenting  the  nor- 
mal by  p^  and  the  angles  which  il 

makes  with  x,  y,  r,  as  ^ ,    ^  ,    ^ , 

we  have,  for  the  three  components, 

/'  =  /  cos  ^  ,  /'  =  /  cos  ^  ,  and 

/"'  =  /  cos  ^  .     Substituting   for 

f  its  value  given  alK>ve,  the  three  components  become 

I  =11.  (Sp.Gr.).s  cos  ^;  [82.] 

[83.] 
f  '  =  II  .  (Sp.a.)  .s  cos^.  [«4.] 

But  $  cos  ^  is  tho  projection  of  the  surface  s  on  the  plane  of  y  r, 

and  this  pn*Jection  is  o<)u:il  to  the  risrht  fiortion  of  an  infinit*^ly 
small  cyliii«i«T  panilh-l  to  tho  axis  of  x.  Representing  the  anra 
of  this  wrtioii  by  r',  we  have,  for  the  value  of  tlic  fir>t  com|w> 
neiit,  /'  =  // .  (  Spjir.)  r\  Ihii  this  pn»*isure  will  obviously 
!«  balanced  by  the  pressure  exert»M|  on  the  element  of  surfact\  *  , 
which,  de(*otn|M>s4Hl  in  tin*  same  way,  will  irive  a  com|ionent  also 
e<|u:il  to  //.  (  Sp.(»r. )  r\  and  parallel  to  the  axis  of  jr^  but  act- 
ing in  the  op|>osite  dinvtion.  It  can  ea*<ily  )»e  i^hown  that  tli^ 
same  is  true  of  the  r4un|MMi(*nt  parallel  to  the  axis  of  r.  This 
will  Ik*  balanced  by  an  opfMivite  and  e«|ual  com|ionent  of  tiM 
pn»ssure  exerte<l  on  the  e|i*ni(*iit  t  ',  l#«»t  us,  lastly,  c*>nsider 
what   will  Ih*  the  cfTeot  of  the   com|M>nent   {mniUel  to  tlM^  axis 

of  y.     In   the   value  of  f     [**•*] t   the   quantity  of   s  co^   ^    is 

the  pn>jection  of  the  surface  s  on  the  plane  of  x  i.  This  pro- 
j'Vtioii  ifi  cijual  to  the  rifrht  scvtiou  of  the  vertical  cylinder  $  $ . 


f'  =  II,  {Sp.Gr.).  5  cos  J; 
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Bepresenting  the  area  of  this  section  by  r',  we  have,  for  the  vahie 
of  the  vertical  component,  £"  =  H (^Sp.Gr.')  r',  a  force  which 
tends  to  raise  the  body.  This  force  is  in  part  balanced  by  the 
pressure  exerted  on  the  element  s'.  By  decomposing  this  force, 
it  will  be  found  that  the  vertical  component  which  exerts  a  down- 
ward pressure  in  the  direction  s'  s,  is  equal  to  £i  =  II'(^  Sp.Gr.^  r'. 
The  vertical  cylinder  of  the  body  s  s'  is  then  buoyed  up  by 
a  force  equal  to  the  difference  of  these  two  values,  that  is, 
f"  —  ft  =  (H—H')(Sp.Gr.^r\  which  is  the  weight  of  a 
column  of  liquid  of  the  same  volume  as  the  cylinder. 

By  extending  the  same  course  of  reasoning  to  each  of  the  in- 
&iitely  small  elements  of  surface  which  the  body  presents,  we 
should  decompose  the  body  into  an  infinite  number  of  vertical 
cylinders  similar  to  s  5',  each  of  which  is  buoyed  up  by  a  force 
equal  to  the  weight  of  its  own  volume  of  liquid.  The  whole 
body  is  of  course  buoyed  up  by  a  force  equal  to  the  sum  of  the 
forces  acting  on  the  elementary  cylinders,  that  is,  by  a  force 
equal  to  the  weight  of  the  liquid  which  it  displaces. 

(138.)  The  correctness  of  the  principle  of  Archimedes  can  be 
proved  in  another  way,  which  more  directly  connects  it  with  the 
condition  of  equilibrium  which  exists  among 
the   particles  of  all  liquids  when  at  rest. 
Consider,  for  example,  any  cubic  centimetre 
of  the  liquid  contained  in  the  vessel,  Fig. 
236,  such  as  A  B.     Since  the  liquid  is  at 
rest,  it  is  evident  that  this  liquid  cube  is  ex- 
actly sustained  in  its  position  by  the  pres- 
sure of  the  surrounding  particles.     But  the 
mass  of  liquid,  of  which   it   consists,  has 
weight  ;   and   it  is  therefore  also  evident, 
that  the  liquid  cube  is  sustained  because  it 
is  buoyed  up  by  a  force  which  is  just  equal  ^^ 

to  its  weight.  Let  us  now  suppose  the 
liquid  cube  to  be  suddenly  solidified  without  changing  its  volume ; 
it  is  evident  that  it  will  be  buoyed  up  by  the  same  force  as  be- 
fore ;  for  no  change  has  taken  place  either  in  the  position  or  the 
Cionditions  of  the  surrounding  particles.  Whatever,  therefore, 
^ay  be  the  substance  or  weight  of  the  solid  cube,  it  will  be  buoyed 
Xip  by  a  force  equal  to  the  weight  of  one  cubic  centimetre  of  the 
liquid  in  which  it  is  immersed.  This  demonstration  can  evident- 
ly be  extended  to  any  other  body,  of  whatsoever  size  or  shape. 
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(139.)  Centre  of  Pressure,  —  It  has  been  proved  (40),  that 
the  reMiitant  of  all  the  forces  which  gravity  exerts  on  the  parti- 
cles of  a  IkkIv  is  a  single  force  —  represented  by  the  weigiit  of 
the  iKxly  —  directed  vertically  c/i>triiirar(/5.  And  it  has  further 
l>een  proved  (4G),  that  this  force  may  always  bo  regarded  as  ap- 
plied at  the  centre  of  gravity,  whatever  position  the  body  may 

assume.  Now,  since  tlio  supposed  liquid 
cul)c  (Fig.  23G)  is  exactly  supported,  it  fol- 
lows that  the  resultant  of  all  the  pressures 
which  it  receives  from  the  surrounding  par- 
ticles of  liquid  must  also  be  a  single  force 
ei]ual  to  the  weight  of  the  cul)e,  but  di- 
rected vertically  vjnrards.  Moreover,  if  our 
ideal  cul>o  could  l>o  tunie<l  in  the  liquid,  it 
would  evidently  still  remain  in  equilibrium, 
in  whatever  ])OMtion  it  might  lie  placed. 
Since  in  all  possible  positions  the  resultant 
nc.2»  ^f  ^'^®  forces  of  gravity  may  be  regarded  as 

applied  at  the  centre  of  gravity,  \%  follows 
that  in  the  difTorent  |M)^itions  the  resultant  of  all  the  pressures 
may  also  l>e  n^garded  as  applied  at  the  same  point.  The  same 
point,  then,  which  is  common  to  all  the  res^ultants  of  the  forces 
of  gravity  in  the  difft^nMit  |K)sitions  which  a  Uxly  may  as»un)e,  is 
common,  also,  to  all  the  rcMiltants  of  |»ressure  ;  in  other  words 
the  centre  of  gravity  of  our  liquid  cube  is  abo  the  centre  of 
pressure. 

If,  liow,  wo  roplacc  the  ideal  cuIk?  of  liquid  with  a  cuIk*  of  brass 
having  the  same  size  and  volume,  it  is  evident  that  the  conditions 
of  the  jiariiclfs  exerting  the  pressure  have  not  Injen  changed. 
Hence  the  resultant  of  the  |»ressures  exerted  by  these  |Kirticlos 
will  still  Ikj  a  force  acting  vertically  upwards  ;  and,  further,  in 
any  |M)«^ition  which  the  brass  cul>e  may  assume,  the  direction  of 
thin  n.*sultant  will  pa'^s  through  what  would  Ik?  the  centre  of  grav- 
ity  of  a  liquid  cuIk*  of  the  same  form  and  volume.  This  com- 
mon |H>int,  through  which  the  resultant  of  the  pressure  passes, 
in  any  |»o«.ition  of  tli«»  bniss  cuIk»,  is  its  centre  of  pressure.  We 
have  maile  u>e  of  a  hra^^s  cuIk»  in  this  dis4*ussion,  merely  to  give 
di>tinctrii**>^  to  <iur  conceptions  ;  hut  it  is  evident  that  the  same 
reasoning  wtmld  apply  to  a  IhmIv  of  any  slm|»e  whatsoever.  In 
any  case,  the  centre  of  pressure  is  always  the  same  poisU  ttkick 
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was  previously  the  centre  of  gravity  of  the  liquid  which  has  been 
displaced  by  the  body. 

If  the  body  is  homogeneous  and  entirely  immersed  in  water, 
the  centre  of  pressure  coincides  with  the  centre  of  gravity  of  the 
body.  If,  however,  the  body  is  not  homogeneous,  —  if,  for  ex- 
ample, it  is  loaded  on  one  side,  —  then  the  centre  of  gravity  will 
no  longer  coincide  with  the  centre  of  pressure  ;  because  it  will 
not  coincide  with  the  centre  of  gravity  of  a  liquid  body  of  the 
same  shape  and  volume. 

(140.)   Floating  Bodies.  —  If  the  weight  of  a  body  is  less 
than  that  of  the  liquid  which  it  displaces,  then,  the  buoyancy  be- 
ing greater  than  the  weight,  the  body  will  rise  to  the  surface  of 
the  liquid,  and  float.     On  the  other  hand,  if  the  weight  of  a  body 
is  greater  than  that  of  the  liquid  which  it  displaces,  it  will  sink. 
Moreover,  since  the  specific  gravities  of  any  two  substances  are 
to  each  other  as  the  weights  of  equal  volumes  of  these  subsUfnces, 
it  is  also  true  that  a  homogeneous  solid  will  float  when  its  spe- 
cific gravity  is  less  than  that  of  the  liquid,  and  that  it  will  sink 
when  these  conditions  are  reversed. 

An  iron  bar  sinks  in  water,  but  floats  in  mercury,  because  a 
given  volume  of  iron  weighs  less  than  the  same  volume  of  mer- 
cury, and  more  than  the  same  volume  of  water.     For  a  similar 
reason,  a  piece  of  boxwood  will  float  in  water,  but  sink  in  alco- 
hol.    The  bar  of  iron,  however,  can  be  made  into  a  hollow  vessel, 
which  will  float  on  water ;  and,  in  the  same  manner,  boxwood 
can  be  made  to  float  on  alcohol.     The  volumes  of  the  bodies  will 
thus  be  increased  without  increasing  the  weight,  and  since  tlie 
weight  of  the  liquid  they  displace  is  now  greater  than  their  own 
weight,  they  will  float.     Steamships  are  frequently  made  of  iron, 
and  loaded  with  heavy  machinery  ;  but  nevertheless,  since  their 
whole  weight  is  less  than  that  of  the  water  which  they  displace, 
^ley  float.     The  specific  gravity  of  the  human  body  is  very  nearly 
the  same  as  that  of  water,  and  can  readily,  therefore,  by  a  little 
effort,  be  kept  at  the  surface  in  the  act  of  swimming.     By  in- 
creasing slightly  the  volume  of  water  displaced,  without  increas- 
ing sensibly  its  weight,  the  body  will  float  witliout  effort.     Most 
persons  can  expand  the  chest,  by  a  little  effort,  sufficiently  to  make 
the  specific  gravity  of  the  body  less  than  that  of  water,  and  it  is 
Xvell  known  that  good  swimmers  can  float  their  bodies  by  lying 
\>ack  on  the  surface  of  the  water  and  expanding  the  cliest.    Tliis  is 

21 
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also  the  theory  of  life-preservers,  which  are  tiagt  filled  with  air, 
or  pieces  of  cork  worn  under  the  anus.  Thej  so  far  increase  tlie 
volume  of  the  body  as  to  make  the  specific  gravity  of  Uie  lif«^ 
preserver  and  the  body  together,  as  a  whole,  lest  tbaa  that  of 
water. 

The  large  floating  tanks,  called  camels^  which  are  used  to  lift 
large  vesM^ls  over  the  sand-bars  that  ol>stnict  the  mouths  of  many 
harlK^rs,  are  an  ingenious  application  of  the  same  principle.  T1h*90 
tank?,  which  are  cKjmmI  on  all  sides  and  water-tight,  having  been 
filled  with  water,  are  fai^tened  under  the  sides  of  the  vessel.  Tlie 
water  is  then  pumfied  out,  when  the  tanks  rise,  and  raise  the  vca> 
sel  with  them.  A  similar  contrivance,  called  a  Jloaiimg'  dtKk^  n 
very  much  used  in  the  United  States  for  raising  ships  completely 
out  of  water,  for  refmirs.  It  consists  of  a  largo  platform,  oo 
which  the  shi|)  is  to  rest,  l»eneath  which  are  hollow  and  water* 
tight'  tanks,  so  loaded  that,  when  full  of  water,  they  will  tink. 
The  platform  is,  in  the  fin$t  |>lace,  sunk  to  the  deptli  of  several 
fathoms,  and  the  ship  to  l>e  raised  is  then  floated  over  il.  The 
water  is  now  pumjK'd  out  of  the  tanks  beneath  the  platform, 
which  then  rises,  and  raises  the  vessel  with  it. 

( 141. )  Et/Hiiibrium  of  Ffoaiinff  Bodirs.  —  Wlien  a  Iwdy  is  at 
re^t,  floating  on  the  surface  of  a  li<juid,  tliere  myst  l«  an  equi- 
librium iH'twoen  the  weight  of  the  iKKiy  and  the  buoyancy  of  the 
liquid.  Hence  it  follows,  from  (l:W>),  that  the  weig'ki  of  ikt 
liquid  tictually  displarrd  by  a  JltHttinf^  body  is  equal  to  its  oira 
trri^-ht.  Wo  can  alwnys  dotonnine  the  weight  of  a  hhip  by 
nica^^urini;  Xho  v(»lumo  which  is  1h»Iow  the  wator-levol,  and  mul- 
tiplyintr  tliis  by  the  spi^ific  gravity  of  the  liquid.  This  will,  by 
["><»]»  jrivi»  the  Wright  of  watrr  <lih|)laced,  which,  as  we  havo  jii^t 
S4MMI,  i**  the  same  us  th«»  wiMjrbt  of  the  hhip.  We  can  also  d«*tcr- 
mine  the  weight  of  the  carjro  by  detcnnining  the  volume  of  water 
displaced  by  the  ship  )N)tli  In'fon*  an«l  after  loading.  Tlie  difl^er- 
enci*  ln'tween  then*  two  v«ilumes,  multiplied  by  the  h[»ecitic  gravity 
of  the  liquid,  will  pive  the  weight  of  the  carjro. 

The  centre  of  pn»ssun»  of  a  floatini;  Inxly  is,  by  (I'W),  th 
same  |Miint  as  the  c«Mitn*  of  jrrnvity  of  the  fluid  it  displaces. 
i«i  fibvifuislv.  then*fon\  an  enttn*lv  dit1en*nt  iioint  from  the  cent 
<»f  (rravity  of  the  ImmIv.  and  mu^^t  always  U*  Indow  this  |M>int  mh 
the  iMidy  i^  a  homogeneous  Hilid.     For  exanq>le,  in  Fig.  2^i7, ' 
centrt*  of  gravity  of  the  homogeneous  floating  Imdy  q  b  c  t 
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Fig.  287. 


the  point  O.  The  centre  of  pressure,  P,  is  the  centre  of  gravity 
of  the  liquid  displaced,  and  this  is  obviously  below  the  centre  of 

gravity  of  the  whole  body.    When 

the  floating  body  is  not  homoge- 
neous, the  centre  of  gravity  may 

be  below  the  centre  of  pressure. 

For  example,  if  we  should  attach 
to  the  bottom  of  the  body  abed 
a  piece  of  lead,  this  would  sipk 
the  body  still  deeper  in  the  water, 
and  thus  raise  the  centre  of  pres- 
sure, while  at  the  same  time  it 
would  lower  the  centre  of  gravity, 
and  thus  might  chapge  the  relative  position  of  the  two  points. 

In  order  that  a  floating  body  should  be  in  equilibrium,  it  is  not 
only  necessary  that  it  should  displace  its  own  weight  of  liquid, 
but  it  is  also  essential  that  the 
centres  of  gravity  and  pressure 
should  be  situated  on  the  same 
Vertical.     If,  as  in  Fig.  238,  the 

two  points  are  not  situated  on  the 

&aine  vertical,  then  the  resultants 

of  the  forces  of  gravity  and  pres- 
sure will  be  represented  by  two 

opposite   vertical    forces,   as  P  q 

«ind  G  r.     Since  these  forces  are 

^qual,  they  will  neither  tend  to 

raise  nor  depress  the  body  in  the  liquid ;  but  nevertheless,  as  the 
two  forces  form  a  couple  (38),  they  will  tend  to  rotate  the  l)ody. 
Hence,  although  the  body  will  neither  rise  nor  fall,  it  will  turn  in 
the  liquid  until  the  centre  of  pressure  falls  in  the  same  vertical 
with  the  centre  of  gravity,  but  in  such  a  way  that  the  amount  of 
water  displaced  by  tlie  body  shall  be  always  the  same. 

(142.)  Stable  and  Unstable  Equilibrium.  —  WTien  the  cen- 
tres of  pressure  and  gravity  are  in  the  same  vertical,  there  will  be 
a  condition  of  equilibrium,  but  this  equilibrium  may  be  either 
stable,  unstable^  or  neutral.  The  equilibrium  is  said  to  be  stable 
when,  on  turning  the  floating  body  slightly  in  the  water,  it  tends 
to  return  to  its  first  position ;  it  is  said  to  be  unstable,  when, 
under  these  circumstances,  it  continues  to  turn  until  it  passes 
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into  a  new  condition  of  equilibrium ;  and  it  is  said  to  be  neutraL, 
when  it  will  remain  at  rest  in  any  position  indiffereutlj. 

The  condition  of  a  floating  bodj  is  always  slaUe  wbeo  ibe 
centre  of  gravity  is  below  the  centre  of  pressure.  Tlie  tnilk 
of  this  statement  is  an  immediate  consequence  of  the  priiR-i- 
ples  of  the  last  section.  The  centre  of  pressure  is  a  point 
at  wliich  the  whole  upward  pressure  of  tlie  liquid  may  lie  rfr> 
garded  as  concentrated.  It  may  therefore  be  considered  as  the 
|K)int  of  support  of  the  floating  boily  ;  and  it  has  already  been 
shown  (48),  that  the  condition  of  a  body  is  stable  when  the 
centre  of  gravity  is  l)elow  the  point  of  support.  It  does  not  fol- 
low, however,  that  the  condition  is  necessarily  unstable  when  the 
centre  of  gravity  is  al>ove  the  point  of  support.  In  this  case,  the 
stability  of  the  body  depends  upon  tlie  position  of  a  variable  point, 
which  is  called  the  metacenire ;  and  the  equilibrium  is  still  staUe, 
when  the  centre  of  gravity  is  l)elow  this  [)oint.  The  position  of 
tlie  inetacentre  depends  on  the  form  and  position  of  tlie  body. 
We  siiall  only  l)e  able  to  point  out  its  position  in  the  case  of  one 
of  tlie  sim|>lest  solids ;  but  this  example  will  senre  to  illustrate 
the  general  principle. 

Ijct  us  sup|K>se,  then,  that  the  floating  body  is  a  homogeneous 
rectangular  prism  (Fig.  239).     The  centre  of  grarity  will  then 


^« 


n<  2».  fit  }«) 

Ih?  the  sam«»  us  ilii»  centre  of  its  figure,  or  f?,  and  the  centre  of 
pn^'^sure  tht»  rentro  of  gravity  of  tho  [wirt  immeriCil  in  the  liquid, 
a  variu)»l(»  [M>int.  d«*|M*nding  on  the  [M)^ition  of  the  IkmIv.  If,  now, 
wh«'n  it  is  floatintr  on  its  broadest  Ni«h\  we  tuni  it  througli  tlie 
anjrif  r  o  r  (Fiir.  210),  the  portion  n»prt*s<Mite<l  by  the  triangle 
roc  in  raiiMMl  out  of  the  liquid,  and  that  repret>onte«i  by  b^oft^nh- 
nicrixiHi ;  and  since  tlie  quantity  of  water  displaced  must  be  Ibe 
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same  in  every  position  of  the  body,  it  follows  tliat  the  portion  eoe 
is  equal  to  tlie  portion  b  of.  But  now  the  form  of  tlie  submei^od 
portion  is  entirely  changed,  and  the  centre  of  gravity  of  the  sub- 
merged portion,  which  is  the  centre  of  pressure,  is  also  changed, 
aud  moved  to  the  point  P.  If  in  this  position  vo  draw  through 
tlte  point  i*  a  perpendicular,  it  will  intersect  the  perpendicular 
drawn  through  the  point  P  in  the  previous  position,  namely,  O  q, 
at  a  point  g,  sJid  this  point  is  the  me.tacentre.  In  the  case  before 
us,  the  metacentre  is  above  the  centre  of  gravity  ;  and  it  is  evi- 
dent from  the  figures,  that  tlie  couple  formed  by  the  resultants 
of  the  forces  of  gravity  and  of  the  pressure  tends  to  restore  tlie 
floating  body  to  its  first  position  (Fig.  239). 

Let  us  aow  suppose  that  the  rectangular  prism  is  floating  on 
its  narrow  side,  as  in  Fig.  241 ;  and  that,  as  'before,  we  turn  it  to 


t.lie   right  through  a  small  angle.     The  centre  of  pressure  will 
tJien  be  shifted  to  a  new  position,  at  the  right  of  the  plane  of 
Symmetry  (Fig.  242).     If,  now,  we  erect  a  perpendicular,  it  will 
intersect  the  perpendicular  drawn  through  the  centre  of  pressure 
5n  tlie  previous  position,  at  a  point  q,  hclow  the  centre  of  gravity ; 
and  it  can  easily  be  seen  that  the  couple  formed  by  the  force  of 
gravity  and  the  pressure  will  tend   to  turn   the  body  still  fur- 
ther, and  it  will  only  come  to  rest  when  it  falls  back  into  the 
position  of  stable  equilibrium,  floating  on  its  broad  side,  as  in 
Fig.  239. 

What  has  now  been  illustrated  in  the  case  of  a  rectangular 
prism,  is  true  of  all  floating  bodies.  In  general,  the  metacentre 
may  be  defined  as  the  point  where  the  vertical  passin"^  through 
the  centre  of  pressure  in  the  position  of  equilibrium,  meets  the 
vertical  drawn  through  the  new  centre  of  pressure  after  the  body 
21- 
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has  been  sHffhtly  displaced  from  this  position.  A  floating  bodj 
is  in  a  stablo  condition  when  tlie  mctacentre  is  aboro  tlie  ceutre 
of  gravity,  and  unstable  when  this  condition  of  things  is  reTerved. 
When  the  centre  of  gravity  is  lielow  the  centre  of  prest^ure,  tlie 
metaceiitro  must  evidently  always  be  above  tlie  ceutre  of  gravity, 
and,  as  before  shown,  this  condition  is  always  stable.  It  is  als-o 
evidcMit,  froiu  the  above  discussion,  that  the  stability  of  a  floating; 
body  is  the  greater  the  broader  the  submerged  part  and  the 
lower  the  position  of  the  centre  of  gravity. 

It  is  of  great  importance  to  ]iay  attention  to  the  conditions  of 
stable  e<)uilibrium  in  the  construction  and  loading  of  ships. 
Vesiicls  which  are  use<l  to  transport  passengers  or  light  cargoes 
require  to  be  Imllasted,  by  depositing  immediately  above  the  ke«I 
a  quantity  of  heavy  matter,  such  as  stones  or  pigs  of  iron.  The 
centre  of  gravity  muy  thus  be  brought  so  low,  as  to  give  the 
vessel  such  stability  that  no  lateral  force  of  the  wind  acting  ou 
its  sails  can  capsize  it.  So,  al^o,  the  heaviest  part  of  a  cargo 
should  always  be  deposited  in  the  lowest  jKissible  position,  in  or^ 
der  that  its  centre  of  gravity  may  be  inunediutely  over  the  keel. 
Wlien  this  is  the  case,  any  inclination  of  the  vessel  causes  the 
centre  of  gravity  to  rise  ;  and  to  accomplish  this  requires  a  force 
pro[N)rtional  to  the  weight  of  the  vessel,  and  to  tlie  height  through 
which  the  centre  is  elevated. 

The  (Miiiilil»rium  of  a  Inmt  mnv  l)e  rendered  unstable  bv  the 

I  .  . 

pass<Migcrs  stnniling  up  in  it ;  and  this  is  not  unfre<|uently  the 
cau^^e  of  accidents  t4)  light  t^ail-l^oats. 

If  the  centre  of  pmvity  of  a  vessel  l>e  not  directly  over  the 
ke<*l,  tho  v«>sM*I  will  incline  to  that  side  at  which  it  is  placed  :  and 
if  this  displncenient  is  considerable,  danger  may  en^ue.  llie 
rolling  c»f  a  vi»ss4»l  in  u  ^toml  may  so  derange  the  balla«t  or  carp), 
as  to  thmw  the  vp^^h'I  on  her  InMim-ends. 

( 14H. )  Xrytrnl  ICt/uililmum,  —  In  some  cases,  the  position  of 
tin*  centn*  of  [>resi«nn*  is  not  rhangiMl  by  any  change  of  |M>>itioii 
of  tlie  InmIv  which  is  roni[>atiltl«*  with  displacing  its  own  weiglit 
of  fluid.  In  such  a  <*aso,  tin*  UmIv  will  float  in  e<|uilibrium  io 
any  |>o«^ition  indiffonMitly,  and  is  Miiti  to  Ih*  in  a  condition  of  neu- 
tnil  equilibrium.  A  sph«*n*  of  uniform  density  is  an  example  ot 
this :  for  in  what«*vi*r  fio^^ition  it  flouts,  the  fiart  imnH^rMnl  is 
alwny*<  n  M^mnent  of  tin*  sphen*  of  pnvisely  the  same  mairnitude 
and  shaiio,  so  that  tlie  centre  of  |iressure  has  always  tlie  same  pg»i- 
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tion  with  reference  to  the  centre  of  gravity  of  the  sphere.  Con- 
sequently, the  sphere  will  float  indifferently  in  any  position  in 
w^hich  it  may  be  placed. 


Methods  of  determining  Specific  Gravity. 

(144.)  The  specific  gravity  of  a  substance  has  been  defined 
as  the  ratio  of  its  weight  to  that  of  an  equal  yolume  of  pure 
water  at  4**  C,  —  the  temperature  at  which  the  volume  of  the 
solid  is  measured  beuig  0^  G.  As  most  of  the  methods  used  for 
determining  specific  gravity  are  illustrations  of  the  principles  of 
hydrostatics,  we  will  briefly  describe  them  in  this  connection, 
reserving,  however,  for  the  chapter  on  Weighing  and  Measuring, 
the  practical  details  of  the  subject. 

(145.)  First  Method.     Specific- Gravity  Bottle.  —  The  most 
obvious  method  of  determining  the  specific  gravity  of  a  substance 
18  to  weigh  equal  volumes  of  the  substance  and  of  water,  and 
then  divide  the  first  weight  by  the  last.     When  the  substance  is 
a  liquid,  this  method  is  readily  applied.     We  use  for  the  purpose 
a  small  glass  bottle,  such  as  is  represented  in  Fig.  243.     The 
bottle  is  closed  by  a  perforated  ground-glass  stopper 
of  peculiar  construction,  terminating  in  a  fine  tube, 
on  which  is  marked,  with  a  file,  a  point  to  which 
the  bottle  is  to  be  filled  at  each  experiment.     The 
bottle,  whose  tare  has  been  previously  ascertained, 
is  first  of  all  filled  with  pure  water,  and  the  stopper 
inserted,  when  the  water  rises  in  the  glass  tube. 
The  excess  of  water  above  the  mark  is  now  removed 
with  a  piece  of  bibulous  paper,  and  the  bottle  care- 
fully weighed.     By  sub/tracting  •  from  this  weight 
the  tare  of  the  bottle,  we  have  the  weight  of  a  given 
volume  of  ^ater,  which  is  thus  ascertained  once  for 
all.     If,  then,  we  wish  to  obtain  the  specific  gravity  of  any  other 
liquid,  we  fill  the  bottle  with  this  liquid  in  the  same  way  as  be- 
fore, and  weigh  it ;  then,  having  subtracted  the  weight  of  the 
bottle,  we  have  the  weight  of  a  volume  of  this  liquid  equal  to 
the  volume  of  the  water.     Representing  these  two  weights  by 
W'  and  W^  we  have,  by  definition. 


Fig.  243. 
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ir  we  repeat  tliis  process  at  different  tomperatitrcs,  ve  obtain 
different  rcsultSy  owing  to  the  expansion  both  of  the  liquids  and  of 
the  glass.  It  is^  therefore,  essential  to  ol^serre  carefullj  tlie  tviii- 
{lerature  of  the  liquids  at  the  time  of  filling  the  lH>ttlc,  and  then 
to  calculate,  by  means  of  tables  prepared  for  the  puqM>M.%  what 
would  have  been  the  result  had  the  temperature  of  tho  wator 
been  at  4*"  C.  and  that  of  the  substance  at  0^  C.  This  is  calhnl 
reducing  the  results  to  the  standard  temperature^  and  the  niethiid 
of  making  tlie  reduction  will  be  described  in  tlie  chapter  ju»t  rxs 
fcrrcd  to. 

The  specific-gravity  bottle  may  also  be  applied  to  determin* 
ing  the  specific  gravity  of  solids,  when  they  can  Iw  broken  into 
small  fiieces.  For  this  purpose,  we  take  a  upecific-gravity 
bottle  and  determine  the  weight  of  the  l>ottle  when  filled  with 
water,  as  before  described.  Call  this  weight  Tf',.  We  tlieu  in- 
troduce into  the  bottle  a  known  weight  of  the  H>lid,  H\  and  fill 
up  the  remainder  of  tlie  bottle  with  water.  The  weight  of  tlie 
bottle,  solid  and  water,  which  we  then  ascertain,  we  will  repre- 
sent by  H  t.  It  is  then  evident  that  the  weight  of  water  dis- 
placed by  the  solid  is  W*:=  H",  +  W —  H',,  and  hence  we  have 

(^^.«r.)=^,:-^.        [80.] 

Here,  as  before,  it  is  necessarv  to  reduce 
the  results  obtained  to  the  standard  tcm- 
jierature. 

(14*>.)  Second  Method.  The  Ifydro^ 
static  Balance.  —  We  ^u^|lend  the  body  l^y 
a  fine  thread  to  the  pan  of  a  Imlancv  <  F^ig. 
244 ),  al)d,  having  e€]uipoised  it  by  nii'an> 
of  a  tare  in  the  other  |ian,  iminer>o  it 
in  water,  as  represented  in  the  figun*. 
The  weight  which  it  loses,  being  exactly 
e<|ual  to  that  of  the  water  which  it  dis- 
places, is  the  weight  of  a  volume  of 
watrr  t^pial  to  that  of  the  InMly  which 
we  wi>li  to  find.  Hence,  in  order  to  de- 
*'  tiTmiue  this  weight,  we  have  only  to  add 
weight?*  to  the  [mui  from  which  tia*  Itudy 
^344  is  susjiended,  until  the  equilibrium  is  e»- 
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tablished.  It  is  evidentlj  essential  to  the  accuracj  of  this  meth- 
od, that  the  water  used  should  be  pure,  and  the  tliread  so  fine 
that  we  can,  without  sensible  error,  neglect  the  weight  of  water 
^hich  it  itself  displaces. 

Representing  by  W  the  weight  of  the  body,  and  by  W  the 
weight  required  to  restore  the  equilibrium,  we  have,  by  defini- 
tion, 

)        (i^.Gr.)  =  ^.  [87.] 

The  value  thus  obtained  must  be  reduced  to  the  standard  tem- 
perature. 

This  method  may  also  be  applied  to  liquids  as  well  as  to  solids. 
For  this  purpose  we  prepare  a  closed  glass  tube,  and  enclose  in 
it  sufficient  mercury  to  sink  the   tube  beneath  any 
liquid,  with  the  exception  of  the  two  heaviest,  mer- 
cury and  bromine.     To  this   tube  we  attach  a  fine 
platinum  wire,  as  in  Fig.  245,  which  represents  the* 
apparatus  of  its  full  size.     We  conmience  by  deter- 
mining once  for  all,  by  the  method  just  described,  the 
height  of  the  volume  of  water  at  4®  C.  which  the  glass 
tube  displaces.'    This  we  may  call  C,  as  it  is  a  con- 
stant quantity  for  each  apparatus.     In  order,  now,  to 
determine  the  specific  gravity  of  a  liquid,  we  suspend 
the  tube  to  the  pan  of  a  balance,  and,  having  equi- 
poised it  by  placing  a  weight,  prepared  for  the  pur- 
pose, in  the  otlicr  pan,  immerse  it  in  the  liquid.     The 
amount  of  weight  required  to  restore  the  equiUbrium 
is  the  weight  of  the  volume  of  this  liquid  which  the 
tube  displaces,  and  the  weight  of  the  same  volume  of 
water  at  4**  C.  is  known  to  be  C.     Hence  the  specific 

W 
gravity  of  the  liquid  is  -p .     This  value  must  be  cor- 
rected for  the  temperature  at  which  the  experiment  is  made. 

(147.)  Third  Method,  Hydrometers,  —  In  this  method,  the 
balance  is  not  used,  but  its  place  is  supplied  by  floating  bodies  of 
peculiar  construction,  called  hydrometers,  A  few  of  these  we 
will  now  describe.  They  may,  for  convenience,  be  divided  into 
two  classes,  —  Hydrometers  with  a  Constant  Volume,  and  Hy- 
drometers with  a  Constant  Weight. 


Fig.  346. 
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BTnROMETKM  WITIt  A  COHBTAITT  TOLDfC. 

1.  TVTcAo/juV*  llgdrometrr. — This  inBlrumcnt  is  reprCMot- 
ed  ill  Fi|i:.  'l\<ij.  It  consists  of  a  lioUow,  cjrlindrical  tcmcI.  fi. 
made  usually  of  sheet  bnsa  or  tiiiiiod  iron.  Tu  tlio  lower  end 
of  lliis  vessel  is  fastAucd  a  cuuo  filled  with  lead,  C,  tlio  Umc  wf 
which  funus  a  pau  ou  which  the  body  whose  specific  gravity  is  b> 
Iw  deturmiiied  is  placed.  The  ohjcct  of 
Uio  lead  is  to  load  tlio  apparatus  so  tliat 
tho  ccutro  of  gravity  may  bo  bcluw  the 
centre  of  pressure,  which,  as  we  liave  seen 
( 14'J),  is  a  condition  of  stable  ctiuilibriuni. 
To  tho  top  of  the  vessel  is  riu>tciied  a  wire, 
which  supports  the  paii  A,  and  on  dii* 
wire  is  marked  a  fixed  [toiut,  o. 

In  using  this  apjiaratUB,  wc  comnteuce 
by  dctoruiiiiiitg  tliv  weight  which,  placvd 
in  the  {hui  A,  will  sink  tho  liydrumeter  to 
tho  fixed  {Miiiit  o.  This  is  a  con^Ullt 
quaiilily  for  the  same  apparatus,  and  may 
bo  represented  by  C  Let  us  FUp|iusc  that 
in  any  given  catm  it  is  \'i^  gramnios,  and 
Fi,  iM.  that  it  is  re<|uin.<d  tu  determine  the  spe- 

cific fcravily  of  sulphur.  We  toiie  a  pitve 
of  sulphur,  wei^iiiii^  less  tliun  l:!o  grammes,  and  place  it  on 
the  |(aii  .-1,  and  (lien  add  weights  until  the  hydmmetvr  nnks 
again  !•>  ihu  fixed  imiiit  u.  If  it  nH|uires  6;'i  ([raniUK>»  tu  »iiik 
it  tu  the  fixed  jiuiiit,  it  is  evident  that  the  weight  of  the  »ul- 
phiir  it<  rj'>  —  :V'i  ^  70  grammes.  Having  detenuined  tlie 
weight  of  lliu  hulphur  in  Ihe  air,  it  only  nnnains  to  dclorniine 
the  weight  of  an  iipiiil  vnlume  of  witter.  For  this  purpuM-,  wc 
nii-«>  (h<-  hydninii'ter,  and,  without  di>tur>>iiig  the  weights,  <>l)in 
the  pi<t:e  of  Milphur  to  the  |Htn  <',  and  n'plucu  the  iii>truiueni  in 
the  water.  It  will  imt,  of  courhe,  sink  lu  tite  fixed  |H>iiit :  U^ 
raiiM'  the  piece  nf  sulphur,  which  is  now  submerged,  is  buuyed 
np  by  a  force  ei)tinl  to  the  weitcht  of  its  volume  of  water.  If. 
now.  we  add  weights  tu  the  |iaii  .-1,  until  the  liydntmeter  a^ain 
(■ink*  to  tin*  point  »,  we  ^hull  find  that  'MA  gramiiK's  arv  r«- 
quinnl.  Tbi^  is  then  the  weight  of  its  volume  uf  water,  and  tlia 
specit'iti   gravity   is  ^,  ^  'i.M'A.      lleprvseiitiiig   Uio    sucoesaii^ 


THE  THREE  BTATES  OF  MATTEB.  251 

veigbte  described  above  bj  C^  W,  and  W',  we  have  in  every  case 
(^Sp.  (?r.)  =  — — — .  If  the  iiistrumeDt  is  to  be  used  for  sub- 
stances lighter  than  water,  a  perforated  cover  is  adapted  to  the 
pan  C,  to  prevent  tbem  from  rising  to  the  surface  of  the  liquid. 

2.  FahrenieWs  Hydrometer.  —  Tiiis  inGtnimciit  (Fig.  247)  i9 
used  for  determining  tlie  specific  gravity  of  liquid,  oud  difiers 
from  the  one  just  dcticribed  only  in  being  made 
or  glass,  and  in  having  no  lowfir  pan.  In  using 
Ibis  instrument,  we  commence  by  weighing  it 
iu  a  balance.  Let  us  call  its  weight  C.  Then, 
having  placed  it  in  water,  wo  determine  the 
amouut  of  weight  required  to  sink  it  to  a  fixed 
point,  marked  on  tho  stem,  which  we  will  rep- 
resent by  e.  Tlie  sum  of  these  constant  wciglits, 
or  C  ■\-  c,  is,  by  (141),  equal  to  the  weight 
of  the  water  displaced.  We  then  float  the  hy- 
drometer in  tlie  liquid  whose  specific  gravity 
"we  wish  to  find,  and  determine  the  weight  to- 
quired  to  sink  it  in  this  liquid  to  the  fixed  point. 
Call  this  weight  W.    Then  C -\- Wis  equal  to  fi,.  347. 

the  weight  of  the  liquid  displaced,  and   since 
C  -^  c  and  C  -{-W  are  the  weights   of  the   same  volumes  of 
water  and  the  Uquld,  the  specific  granty  of  the  liquid  is  easily 
found ;  since 

(%er.)=g-+f.  [88.] 

HYDROMETERS  WITH  A  CONSTA.VT  WEIGHT. 

In  the  two  hydrometers  just  described,  the  volume  of  the 
instrument,  which  is  submci^od,  remains  constant  during  tlie 
experiment,  and  the  specific  gi'avity  is  determined  from  tho 
amount  of  weight  required  to  keep  the  volume  constant  under 
different  circumstances.  Tlio  hydrometers  in  nio^^t  general  use 
are  constructed  on  a  different  principle.  In  these  the  weifrht  is 
constant,  and  the  specific  gravity  of  a  liquid  is  determined  by 
measuring  the  volume  of  this  liquid  which  the  instrument  dis- 
places when  floating  in  it.  The  weight  of  this  volume  is,  by 
(141),  the  same  as  the  weight  of  the  instrument.  If,  then,  we 
represent  by  F' the  volume  of  water  which  the  instrnment  dis- 
ptace«  when  floating  in  this  liquid,  and  by  V  the  volume  of  any 


252 


CBEMICAL  PHT8IC8. 


Other  liquid  which  it  dioplaces,  it  is  orident  tlimt  th«  Tolomes  F 
and  V'  of  tho  two  liquids  have  the  same  weight,  iiamelr,  tltat  of 
the  hydrumctcr.  But  it  fuUows  from  [»(>],  Uiat  when  the  weights 
of  diflcrent  %'uluiueii  of  two  liquids  are  e(]ual,  V  .  (<^.  f7r.  >  ss 
V' .  (Sp.Gr.y.  When  one  of  the  liquids  i»  water,  (•^.f»V.)csl, 
and  we  obtain,  for  tho  8|)eci(ic  gravity  uf  the  other  liquid, 
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From  this  it  appears^  that,  when  we  know  the  volumes  of  e<]ual 
weights  of  water  and  any  given  liquid,  we  can  find  Uie  ^|>ecific 
gravity  of  the  li<|uid  l»y  dividing  the  volume  of  the  water  hy  the 
volume  of  the  li(|uid. 

3.   Gay-Lussacs  Volumeter.  —  This  is  the  \t^i  instrument  of 
its  cla^s.     In  its  simplest  form  (Fig.  248),  it  consists  of  a  gUL«s 

tul>e  closed  at  both  ends,  which  is  graduated 
into  |Kirts  of  e<|uul  ca]Micity.  The  hize  of 
tlie  iKirts  is  unim|>ortant,  it  being  only  ntH.*«'s^ 
Miry  that  they  should  all  be  equal.  Tho  di- 
visions are  numbered  from  1  to  100,  or  to 
l«iO,  as  the  ca.se  may  rc4|uire,  commencing  at 
the  lower  end  of  the  tulie.  lioforo  the  tul»e 
is  finally  closi*d,  it  is  loaded  with  mercurv,  h> 
that,  when  floating  on  water,  it  will  ^ink  to 
th<»  lUOlh  di virion  on  tho  M'ale  ;  or,  in  othor 
words,  so  that  it  will  displace  10<)  nioasurt>  of 
water.  If,  now,  we  fhiat  it  on  sulphuric  acid, 
it  will  onlv  sink  to  tho  54th  division.  Ilonoe 
1<M)  nioa^uros  of  wator  and  a4  mea>uri*s  uf 
sulphuric  iu*id  havo  the  same  weight,  and  tho 
h|H»oifio  ^rravity  of  sulphuric  acid  is,  thoro- 
fon».  W  =  l-^'».  If  UP  float  tho  hydnmio- 
tor  on  ali'ohoK  it  will  sink  to  the  ri-*>th  divi^ 
ion.  II«'nt*o  tho  s[M^*ifio  gravity  of  alouhol 
is  \V{  =  0.><0.  Sinoo  a  dofinilo  s|H«ciric  grav- 
ity corroKjKunls  to  oarh  of  tho  divisions  of  the  M'alo,  it  is  u>ual 
t4>  cah-nlato  X\wm\  and  iumtIU^  thom  on  tho  M*alo  in  place  of 
the  sinqilo  numlH*p«  donotintr  tho  vt»lunio.  Tho  instnimont, 
wh«»n  M)  pro|»Jirod.  is  piMionilly  calliMl  a  drnsimrtrr.  As  there 
an*  no  liquids  which  havo  a  V^^s  »>(Hvific  gravity  than  O.«>0,  and 
only  two  (mercury  and  bromine)  which  have  a  gremtcr  specific 
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graritj  than  2,  it  is  erident  that  the  divisions  on  the  scale  need 
only  extend  from  50  to  166.  It  is  not  usual,  however,  to  hare 
the  whole  scale  on  a  single  instrument,  and,  as  a  general  rule, 
the  scale  is  divided  over  three  separate  hydrometers.  The  first 
one,  for  liquids  lighter  than  water,  is  graduated  from  100  (cor- 
responding to  the  specific  gravity  1.00),  near  the  middle  of  the 
tube,  to  166  (corresponding  to  0.60),  at  the  top  of  the  tube  ;  the 
second,  for  saline  solutions,  is  graduated  from  100  (corresponding 
to  1.00),  at  the  top  of  the  tube,  to  75  (corresponding  to  1.83), 
near  the  middle  ;  finally,  the  third  instrument  is  graduated  from 
75  (corresponding  to  1.33),  at  the  top  of  the  tube,  to  50  (cor- 
responding to  2.00),  near  the  middle  of  the  tube.  In  graduating 
each  instrument,  it  is  so  loaded  that  it  shall  sink  in  water  to  the 
lOOth  division  of  the  centesimal  scale,  and  in  all  cases  the  spe- 
cific gravities  are  subsequently  calculated,  and  inscribed  on  the 
scalo  against  each  division. 

It  is  more  usual  to  give  to  the  hydrometer  the  form  rep- 
resented in  Fig.  249.     This  shortens  the  instrument  very  great- 
ly, since  the  volume  of  the, long  tube  in  Fig.  248  is  here  re- 
placed by  a  short  bulb.     The  principle  of  the  two  forms  of  the 
instrument  is  precisely  the  same,  but  it  is  more  difficult  to  grad- 
uate the  second  pattern.     The  easiest  method  is  the  following. 
If  the  instrument  is  to  be  used  for  liquids  heavier  than  water, 
ive  first  load  it  with  mercury  until  it  sinks  to  a  point  A^  near 
the  top  of  the  tube,  which  we  mark  100.     We  next  float  it  in 
a  liquid  of  known  specific  gravity,  for  example,  1.333,  and  it  will 
sink  to  a  point  B.     Now,  by  [85],  1.333=;^^,  and  z  =  15. 
This  division  is,  therefore,  the  75th,  and  we  divide  the  space 
between  the  two  into  25  equal  parts,  and  continue  the  divisions  of 
the  same  size  to  the  base  of  the  stem.     Each  of  these  divisions 
will  then  be  ji^  of  the  whole  volume  of  the  apparatus  below  the 
100th  division  first  marked  at  A.     If  the  instrument  is  to  bo 
used  for  liquids  lighter  than  water,  we  adjust  it  so  that  the 
100th  division  shall  be  at  the  base  of  the  stem,  and  then,  by 
floating   the   instrument   in  alcohol  of  known  specific  gravity, 
determine  a  higher  point,  and  then  divide  the  stem  as  before. 

4.  Baume*s  Hydrometer,  —  This  hydrometer  belongs  to  the 
same  class  with  that  of  Gay-Lussac,  but  it  is  graduated  in  a  man- 
ner which  is  entirely  arbitrary,  and  docs  not  indicate  the  specific 
gravity  of  the  liquid.     There  are  two  methods  used  in  graduat- 
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ing  it,  according  as  it  is  to  bo  used  for  liquids  bcsTier  or  lifter 
Uiaii  water.  In  tlie  first  cose,  it  is  loaded  so  that  it  will  uiik  ia 
water  to  a  point  A,  sear  Uie  top  of  tho  stem,  which  wo  marie  V. 
A  Bccoiid  |>oiiit  ia  now  obtained  hj  floating  tlie  itistrumcnt  in  a 
solution  of  fifteen  partx  of  common  salt  in  cigbty-fivo  parts  of 
water.  Tliis  solution  having  a  greater  dpecific  graTitj  than  |Mirc 
water,  the  instrument  ritics  until  the  IctoI  of  tlie  liquid  stands  at 
a  poiut  B,  which  wc  mark  lo".  Lastly,  we  divida  the  distance 
between  A  and  B  into  fifteen  cigual  |)art«,  and  continue  tlie  diTt*. 
ions  to  tho  bottom  of  the  stem  of  the  sane 
aM  tho  as  one  of  these  partn.    It  is  essential 

r^  ~-^  that  tho  diameter  of  tho  stem  should  l>e  the 

*Lv  nanio  throughout.     This  instrument  ia  callMl 

I'tsr-SeU.  To  prepare  a  hydromolcr  for 
liqnids  lighter  than  water,  Baame  floated 
the  hydrometer  in  a  solution  of  ninety  ports 
of  water  and  ten  [larts  uf  common  salt,  and 
marked  the  point  to  which  it  rank  as  U*. 
lie  next  floated  tlio  instrument  in  water,  and 
marked  this  |ioi»t  10°.  Tho  intcrrol  Wtwuen 
tlie^e  |)oinl9  ho  divided  into  ten  oiual  ports, 
and  continued  tho  divisions  of  the  rame  riie 
to  the  top  of  the  tnlic.  This  instrument  is 
called  Pi^se-Liqururi.  Althou)rh  tho  pmdnatinn  f>f  Ihiume  is 
entin-ly  nrbiirary,  yet  this  hydnimctor  is  in  nmrc  gi'iifral  nn? 
than  any  other.  It  is  priiicipully  ut>ed  for  determining  when 
a  soliiiiiiii  or  an  .add  hus  n.>a('h<-(l  tho  |>n>))er  degnni  of  cim- 
ccntnition.  For  osumpk'.  it  has  \nxH  funnil  by  exiieriment,  that 
in  a  well-maiiufuclurcd  syrup  the  prtr-irls  of  Itaumc  stands  at 
S-'i*  whfn  the  liiinid  is  enld,  and  abo  that  in  the  stron|:*>>t  »ub 
phnric  ncid  it  ^tands  at  'W  ;>  m)  that  the  instrument  enaldes  lh<> 
mnnufactnnT  to  tfll  wbi-n  bin  ^y^«p  or  acid  has  reacWd  tlw 
pmper  Mrerifnb.  Tbi-  iii*tninn'in.  tbert'forc,  serves  as  a  UM'ful 
indiiMlor  in  the  ortn.  but  it  has  tin  M-ieiitilic  value.  Cor res|» Hid- 
ing to  each  di'irrt'e  "f  tbi-  Itunme  wulo  is  a  definite  Pi«ecifie  prav- 
ity,  whieb  can  lie  fonnd  by  referring  to  appropriate  labW, 
as  can  obo  ihow!  rom-fiiondiiiii  to  ibi-  ilrurei's  of  tlie  waU**  of  t'ar- 
lier  and  llitk.  whieb.  lik.-  that  .if  It.iume,  are  purely  arl)ilrarT. 

rt.   CiitthLtiiM'tc'$  Alcitnmftrr.  —  This  is  a  kind  of  liydrtHnctpr, 
which  is  used  for  measuring  the  »trciigih  of  alcoholic  liquids. 
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The  form  of  the  instrument  is  preciselr  the  same  as  that  of 
Baame  ;  but  the  graduation,  which  is  made  at  15",  is  different. 
The  scale  on  the  stem  is  divided  into  one  hundred  degrees,  each 
of  which  represents  one  per  cent  of  pure  alcohol  in  volume. 
The  hjrdrometer  sinks  to  0*  in  pure  water,  and  to  100°  in  pure 
alcohol.  If  in  any  given  alcoholic  liquid  it  sinks  to  30°,  the 
liquid  contains  SO  per  cent  by  volume  of  pure  alcohol.  The  in- 
strument is  graduated  by  floating  it  in  liquids  of  known  strength, 
and  marking  the  points  on  the  stem  to  which  it  sinks.  It  is  only 
accurate  at  the  temperature  of  15°.  If  the  temperature  is  dif- 
ferent from  this,  the  indications  of  the  instrument  must  be  cor- 
rected by  means  of  tables,  which  have  been  prepared  for  the 
purpose. 

There  are  a  great  variety  of  other  hydrometers,  which  are 
graduated  so  as  to  give  the  strength  of  milk,  beer,  vinegar,  and 
other  liquids.  They  are  all  similar  in  principle  to  the  alco- 
>Dieter,  and  do  not  require  description. 

6.  Rousseau's  Hydrometer.  —  All  the  hydrometers  which  have 
Deen  described  require  a  sufficient  amount  of  liquid  to  fill  a  glass 
3f  some  size  ;  but  there  are  many  cases  in  which  it  is  desirable 
to  ascertain  promptly  the  specific  gravity  of  a  liquid,  when  only  a 
few  grammes  of  it  can  be  obtained.  The  form 
of  hydrometer  represented  in  Fig.  251  has 
been  contrived  by  Rousseau  for  this  purpose. 
The  general  form  of  the  instrument  is  similar 
to  the  others  wliich  have  been  described  ;  but 
it  differs  in  having  on  the  top  of  the  stem  a 
small  cup.  A,  which  holds  tlie  liquids  to  be 
experimented  upon.  On  the  side  of  this  cup 
is  a  mark  which  indicates  a  capacity  of  one 
cubic  centimetre. 

In  order  to  graduate  the  instrument,  it  is 
floated  in  pure  water  at  4°,  and  loaded  with 
mercury  until  it  sinks  to  a  point,  B,  marked 
at  the  base  of  the  stem,  which  is  the  Eero  of  Fig.z6i. 

the  scale.     The  cup  A  is  next  filled  up  to  the 
mark  with  distilled  water  at  4",  or,  what  amounts  to  the  same 
tiling,  a  weight  of  one  gramme  is  placed  in  the  cup.    The  instru- 
ment is  so  constructed  that  it  will  then  sink  to  a  point  near  the 
middle  of  the  stem,  which  is  marked  20°.    The  interval  bo- 


266  CBEKICIL  PHTSICa. 

twccn  (heec  diri^ions  ii  now  diridcd  iato  twenty  eqnftl  partt,  ui4 
tlio  divisions  aro  cwitinued  to  tho  top  of  tlie  stem.  Since  thb 
hu  exactly  tlie  same  site  througliout,  each  division  corre^KHids 
to  one  twentietli  of  a  gramme,  or  0.05  gram. 

According  lo  this  graduation,  if  wo  wish  to  obtain  the  densilv 
of  any  liquid,  —  bile,  for  example,  —  wo  fill  tlie  ctip  with  the 
liquid  to  the  point  marked  on  tho  side.  Tlie  instrument  will  now 
■ink,  pcrhape,  to  the  20.5  division  on  tho  stem.  Tho  weighi  of 
one  cubic  centimetre  of  bile  is,  then,  0.05  X  30.5^  1.0^  gnm. 
Since  tho  weight  of  tlio  »amo  volume  of  water  at  4*  ia  one 
gramme,  the  specific  gravity  of  bile  is  1.0^  -r  1  ^  1.025.  In 
general,  then,  the  specific 
gravity  of  a  liquid  is  found 
with  this  instrument  by 
multiplying  0.05  by  the 
number  of  Uie  divieiim  lo 
which  it  sinks  in  water, 
when  loaded  with  one  cubic 
centimetre  of  tlie  liquid. 

The  indications  of  all  hy- 
drometers arc  very  much 
influenced  by  cnpillary  at- 
traction,  and  the  UHirv  m 
the  more  delicately  ibry  are 
couMrtictvd.  Tlioy  arv  not. 
thcroforo,  inxiruments  of 
precision;  but  they  are  ums 
ful.  since  tliey  give  rapidly 
approximate  results. 

(14H.)  Fotrlh  Mrlhnd. 
■ —  A  fourth  motho<l  of  find- 
iii|i  the  iip^Tific  gravity  of  a 
liquid,  which  may  be  «•!• 
vantafrt'ou>ly  ui«d  undor 
certain  circuniMancon.  iii  il- 
litstratcd  by  Fig.  iVi.  It 
de|M>nds  on  tho  principle  of 
the  opiilibrinm  of  liquids 
in  connecti'<l  vvsm'Is  <  1:11  >. 
The  apparatus   consist*  of 
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two  tubes  connected  above  with  each  other  and  with  the  chamber 
of  an  air-syringe.  The  lower  ends  of  these  tubes  dip,  the  one  into 
a  glass  of  water,  and  the  other  into  a  glass  containing  the  liquid 
whose  specific  gravity  is  required.  On  partially  exhausting  the 
air  from  the  top  of  the  tubes  by  means  of  the  syringe,  the  liquids 
will  rise  in  the  two  tubes.  If,  now,  we  close  the  stopcock  con- 
necting with  the  syringe,  the  liquids  will  stand  permanently  at  a 
certain  height  in  either  tube.  Moreover,  it  is  evident,  from  the 
construction  of  the  apparatus,  that  the  two  columns  of  liquid  are 
in  equilibrium  with  each  other.  Using,  then,  the  notation  of 
(131),  we  have,  from  [81], 

H:W  =  1:  C^p.Gr.^,    or    (Sp.Gr.)  =  yj' ;     [90.] 

that  is,  the  specific  gravity  of  the  liquid  is  found  by  dividing  the 
lieight  of  the  column  of  water  by  that  of  the  liquid.  The  lieights 
of  the  columns  may  be  measured  eitlier  by  means  of  a  scale  on 
the  tube,  or  by  a  cathetometcr  (see  Fig.  196).  If  the  liquid  were 
olcohol,  for  example,  and  the  height  of  the  water  column  meas- 
ured 60  cm.,  the  height  of  the  alcoliol  column  would  be  found 
to  measure  75  cm.  Hence,  the  specific  gravity  of  alcohol 
is  ?2  =  0.80. 

PROBLEMS. 

Buoyancy  of  Liquids. 

IOC.  A  man,  exerting  all  his  force,  can  raise  a  woigl.t  of  50  kilog. 
What  would  be  the  weight  of  a  stone  (^Sp,Gr.  ==  2.'))  wliioh  he  could 
just  raise  under  water  ? 

107.  IIow  much  force  in  kilogrammes  would  be  required  to  rais(?  under 
water  a  mass  of  a«phaltum  (Sp.Gr,  «=«  1.10)  weighing  500  kilogranuncs? 

108.  IIow  many  kilogrammes  will  100  kilogrammes  of  cast-iron 
{Sp,  Gr.  =■  7.25)  weigh  under  water  ? 

109.  IIow  much  will  the  same  amount  of  iron  weigh  under  alcohol 
(.S^.  Gr,  =  0.798)  ? 

110.  If  a  given  piece  of  gold  be  balanced  by  its  weight  of  brass  iu  a 
vacuum,  what  addition  must  l>e  made  to  the  brass  so  that  tln-y  may  be  in 
equilibrium  when  immersed  in  water.^  Sp.  Gr.of  Brass  8.55 ;  of  Gold  19.36. 

111.  How  much  force  in  kilogrammes  would  be  recjuired  to  sustain 
under  mercury  at  0®  a  cubic  decimetre  of  platinum  ?  The  specilic  grav- 
ity of  platinum  is  21.5  ;  that  of  mercury,  13.598. 
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Floating  Jhdieg. 

112.  IIow  much  bulk  miiM  n  hollow  ve?ii«cl  of  copper  fill,  weiglitii^ 
kiU»f;nimniOj  whioh  will  just  fl«itit  in  water? 

113.  How  much  bulk  muAt  a  hollow  vcMel  of  iron  occapj,  wei; 
1<>  kiU»<n*iinnnM*tt,  which  siitikn  one  luilf  in  water? 

114.  A  boat  diiipluceH  lUm.^of  water.  Wliat  u  th«  weight  of  t 
Umt  ? 

ll.').  A  rul>€  of  woo<l,  weighinj^  1(X>  kilo^^'ammes  ninLi  thnre  quartr 
in  water.  Wluit  in  the  5|>ecific  gruvit)*  of  the  wood,  and  what  U  the  ?t 
of  the  cuIki  ? 

116.  What  |¥>rtion  of  a  rube  of  M)lid  iron  (Sp.Gr.  •»  7.7)  will   • 
in  menuiry  (>)».  6V.  ^  l.'lJ»)  ? 

117.  A  life-lMiat  etintaiuH  1<>0  m.^  of  wood,  whone  Fpociilc  |(ra%itT 
<M|ual  to  0.8,  and  50  tn,^  of  air,  >ilio>e  !6j)eeirtc  pravity  is  0.0012.      \V 
filNnl  with  fnvth  water,  what  weight  of  inm  l»alhi<t,  wIiom*  specific  gri 
in  7.r>4«'i.  niujit  Im*  thrown  into  it  In^fore  it  will  l»egin  to  »ink  ? 

1 IX.  If  the  i*|H»ritic  gnnitie*  of  a  man,  of  water,  and  of  cork  be  1.1  S'f^  ^ 
1.0<M»^  and .2 10  n»sjMH'ti%ely,  find  what  weight  of  cork  must  be  connretecdF 
to  a  num.  weighing  75  kilogramm<*ft,  tluU  he  may  junt  float  in  the  wmtrr. 

111*.  Determine  the  weight  of  a  hydrometer,  which  itinkn  ma  d«*ep  w9 
rectifi«*d  ^pirit<,  whine  ft|>ccific  gravity  U  0.8C6,  asi  it  «inkt  in  wmter  whcim 
kMule«l  with  4  gram. 

12iK  A  ^hiI^  ^ailing  into  a  river,  sink^  2  cm.,  and,  aAer  dl«ehmrgin|r 
12,<»<M»  kilogramni«*s  of  lirr  rap^»,  ri'i«"i  1  cm.;  d«'termine  the  weight  «tf 
the  ^hip  and  <*argi»,  the  s|N'<*iru*  gni\  ity  of  H*a-water  being  to  tiiAl  of 
fn'*h  a-  l.<>2«*.  i^  to  1. 

l-l.  If'a  •Milid,  \%lu»^«»  «j>«Titic  gmxity  —  Ti.  fliiat  in  a  liquid,  wbo«4;  •p^ 
cific  f:ni\it\    •—  !.'»,  di*lcnnih«*  tin*  ]»n»|H>rtion  of  th«'  jwirt-*  immt*r«rd. 

12*i.  If  :i  ^rltiU*  Mt*i%(Nid,  wIm-u  |(l:i4*«Mi  in  a  v«-»Md  of  water,  riie  5  cm. 
alMivf  th«'  "^url'ai'c  but,  wIh-m  |»hu»<*d  in  a  liquid  %»ho*«'  !»»p#Tific  gravity  i* 
0.80,  ri-**  only  l\  cm.  alM)\e  the  Miri'ace  of  the  liquid,  determine  the  dr- 
am«*t«'r  of  thr  glolw*. 

12.'».  Ilaxin;;  gi\«*n  th«*  «|M'f*ifir  gnixitien  of  iron  and  water,  dfterroine 
Hkhat  |)n>|i<»rtion  th<*  tlii«'kri«-«<*  ot*  a  hollow  iron  glo)>e  mu»t  b<*ar  to  iu 
dianirttT,  th.it  it  may  ju^t  tloat  in  walrr. 

llM.  A  |»anin*l«>|»i|»« «1  of  ir**,  wIiom*  thn***  dimen«i«in4  are  10J»  nu 
15.75m.,  and  l.'*M5m..  it  tl4i.'itiii«:  in  M>n-i»at*T  on  it^  bmadr^t  fare;  the 
^IMTifii-  ;.t:o  ily  of  ««>a*watf  r  !«*  1  .<»•.»«;.  and  that  of  iiv  0.'.>.li».  llequirr^d  tlie 
hf'i^rlil  of  tin*  parall«'lopi|N-d  «lm\#»  xUv  Mirta«v  of  the  i^atrr. 

1^5.  A  ci*u*\  1.5  111.  hiirh  and  1/i  m.  in  diamrtrr  at  the  liai^,  im  fkwting 
on  ii4  ba->«*  ill  a  liquid  in  a  xrnirHl  |Mi*i(ion.  and  ^ink%  in  it  20d.m.  Ifow 
murh  of  flit*  liquid  it  di«plaf^-ti  by  thr  cone  f  If  th«*  cone  i«  iiivertrd,  and 
mailt*  to  fUmt  ofi  iu  a|>ex,  liow  derp  %iill  it  then  pink  ? 
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126.  A  hollow  cylinder  of  iron  plate  is  2.5  m.  in  diameter  and  1.75  m. 
lugh.  The  plate  is  1  c.  m.  thick,  and  its  specific  gravitj  7.79.  Will  it 
4oat  on  water,  and  if  so,  how  deep  will  it  sink  when  its  axis  is  vertical  ? 

127.  A  cube  of  lead  measures  4  cm.  on  each  side.  It  is  required  to 
sustain  it  under  water  bj  suspending  it  to  a  cube  of  cork.  What  must 
be  the  size  of  a  cube  of  cork  which  just  sustains  it,  assuming  that  the 
specific  gravity  of  cork  equals  0.24,  and  that  of  lead  11.35  ? 

EUuttcity  of  Liquids, 

128.  A  cubic  metre  of  water  is  submitted  to  a  pressure  of  15  atmos- 
pheres. How  great  is  the  condensation  ?  and  what  is  the  specific  gravity 
of  the  condensed  liquid  ? 

129.  At  a  depth  in  the  ocean  of  a  little  over  5  kilometres,  the  pressure 
amounts  to  500  atmospheres.     Wliat  is  the  specific  gravity  of  the  water 
at  that  depth,  assuming  that  the  specific  gravity  of  sea-water  is  1.026, 
tad  the  compressibility  0.0000436  ? 

Hydrostatic  Press, 

180.  In  the  hydrostatic  press  are  given  the  diameters  of  the  two  cylin- 
^rs  d  and  d*,  and  the  force  applied  to  the  pump  F.  Determine  the 
pressure  produced. 

131.  In  the  hydrostatic  press,  suppose  the  diameters  to  be  4 cm.  and 
SO  c  m.  respectively,  the  length  of  the  pump-handle  to  be  1  m.,  and  the 
distance  of  the  pump  from  the  fulcrum  of  the  handle  10  cm.  Deter- 
mine in  what  proportion  the  pressure  exerted  is  increased. 

Pressure  exerted  hy  Liquids  in  Consequence  of  their  Weight. 

It  1$  assinnfti,  in  the  following  problemx,  that  liquids  are  incompressHJe^  and  hence  that  their 
tpecijic  gravity  is  not  increased^  however  great  mag  be  the  pressure  to  which  titeg  are  exposed. 

132.  The  whole  pressure  on  the  bottom  of  a  tub  of  water,  the  radius 
of  which  is  30  c.  m.,  is  50  kilogrammes.  AYhat  is  the  depth  of  the 
water  in  the  pail? 

133.  What  is  the  pressure  exerted  by  the  water  on  every  square  cen- 
timetre of  the  base  of  a  cylindrical  vessel,  in  which  the  liquid  stands  nt 
the  height  of  10.336  m.  above  the  base  ?  If  the  water  in  the  vessel  were 
replaced  by  mercury,  how  high  must  the  liquid  stand,  so  thsil  the  pressure 
should  be  the  same  as  before  ? 

134.  The  horizontal  and  circular  bottom  of  a  fiask,  15  cm.  in  diamc- 
ter,  is  filled  with  mercury  to  the  depth  of  20  c.  m.  How  great  is  the 
pressure  on  the  bottom  ? 

135.  What  height  must  a  column  of  water  have,  which  will  exert  a 
pressure  of  1,000  kilogrammes  on  every  square  decimetre  ? 

136.  A  cubical  vessel  is  filled  with  water,  and  into       side  a  bent  tube 
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1.4  iti<M*rl(Ml,  flllofl  with  water,  und  communioatinfi^  with  the  w«t^r  in  t 
vc»*M»I.     IMormine  the  pressure  on  the  top  of  the  rewwU  the  \r 
h4*ight  of  till*  exfrf^mity  of  the  tube  above  the  vessel  being  (m)  timrt 
height  of  the  ve«54*I. 

I«i7.  A  fiphoHN  10  c.  m.  in  diamoter,  U  sunk  to  the  depth  of  100  m.  I 
A  fn*^!i-watrr  hike.     ])i*terminc  the  total  preiutuiv  exert(*<l  on  iu  Mirfi 

1 38.  A  cjlindcr,  15  cm.  in  diameter  and  20  c.  m.  higb«  i*  sonk 
that  it«  centre  U  at  the  depth  of  1  m.  bek)w  the  surface  of  the  water.     De- 
termine the  total  pn*8Si]re  excrtetl  on  its  surface. 

139.  A  hollow  cone,  10  c.  m.  in  diameter  at  the  ba.«e  and  A  c.  m.  Id^K. 
is  filled  with  water.  Determine  the  prc«>ure  on  the  base  and  on  the  coo* 
vex  surface.  Centre  of  gravity  of  convex  surface  it  io  the  axu  of  the 
cone  at  ^  of  the  altitude  from  the  base. 

1 40.  A  cylindrical  vessel  10  c.  m.  in  diameter  and  10  c.  m.  high,  b  illcd 
with  water.    Determine  the  pn^s^ure  on  the  base  and  on  the  convex  sar&re. 

141.  A  hollow  cone,  witht>ut  a  bottom,  stands  on  a  borixontal  plam% 
and  water  is  fioured  in  at  the  vertex.  The  weijrht  of  the  cooe  beiof 
given,  how  far  may  it  be  filled  m>  af^  not  to  run  out  below  ? 

142.  A  hemispherical  vensel,  10  c.  m.  in  diameter,  without  a  boctoca. 
staiMls  on  a  horizontal  plane.  When  just  filled  with  water,  the  lii|iia4 
bejrins  to  run  out  at  the  bottom.     Determine  the  weij;ht  of  the  vetseL 

143.  A  straight  line  is  just  immersed  verticall?  in  a  liquid.  Re* 
quireil  to  divide  it  into  three  portioms  which  t»hall  be  equally  pnBa«e«L 

141.  ('(»mpiin*  the  pn'iinun*^  on  the  three  side^  of  an  equilateral  tri- 
an^rlf,  jii<>t  inunrr-eil  in  a  liquid  in  such  a  manner  tluU  one  i>ide  may  be 
|MTiK'ndicuhLr  to  it.<«  >uri'2uv« 

Sprrific  Crarity. 

1  l'>.  I)i't«nnin«»  ihr  ^|H■ei!ic  jrnivity  of  ii}>44ilute  alcohol  fnira  tlie  fcl- 
luwiiiix  tl.ila  :  — 

Wi'i;»hl  of  U»tili*  rmply,   .....        4.3*Jt*,  •^rnm. 

Iill.'.|  Willi  \i:i:rr  at  4\  .  llJ.tVfi 

fill.-il  with  iilroht.l  at  n»,.  .      li;.741 

1  U\  iK-ifmiin**  the  ^{MH'itic  «;ni%ily  of  Milphurio  acid  from  tlie  Adlow* 
iiijj  iLita  :  — 

Wi'ijjhl  «»f  U»iil«»  finpiy,    .....       4.32»»  gram. 

fill«i|  ^iih  vatrr  HI  4\  .  19.fK>4 

lill.d  %iith  Mjlphiiriearii|nin%      :?H.il9       - 

147.   I  determine   the   ^^»i•^•jtie   j:ni%ity  of  l«'ud  >hot  from  the  following 
tLiia  :  — 

Wei^jlit  of  U»tilr  filh-il  Willi  wntt-r  nt  4\         .  r.».*Vi|  gram. 

•*  filifit,         ......      l.».  I.'iif      •• 

*«  bottle,  uliot,  and  water,  33.7C6     ** 


25.350 

gram. 

11.000 

u 

5.100 

u 

8.950 

u 
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148.  Determine  the  specific  gravity  of  gold  from  the  following  data :  — 
Weight  of  gold  in  air,     .         .         .         .         4.213  gram. 

Loss  of  weight  in  water,     ....     0.2205    " 

149.  Determine  the  specific  gravity  of  hammered  copper  from  the  fol- 
lowing data :  — 

Weight  of  copper  in  air,     ....     1.809  gram. 
"  "  underwater,        .         .         1.C08      " 

150.  Determine  the  specific  gravity  of  saltpetre  from  the  following 
ilata:  — 

Weight  of  saltpetre  in  air,  .         .         .         .1.216  gram. 

"  "  under  alcohol,  .         .         0.734      " 

S])ecific  gravity  of  alcohol, ....     0.792      " 

151.  Determine  the  specific  gravity  of  ash  wood  from  the  following 
data :  — 

AVeiglit  of  wood  in  air,    . 

**      "     a  copper  sinker, 

^      "      wood  and  sinker  under  water. 
Specific  gravity  of  copper, 

152.  A  sphere  of  platinum  weighs  in  air  84  gram.,  and  in  mercury  31 
gram.     What  is  the  specific  gravity  of  platinum  ? 

153.  A  piece  of  metal  weighs  5.219  gram,  in  air,  4.132  gram,  in  water, 
^jid  4.009  gram,  in  a  given  liquid.  What  is  tiie  specific  gravity  of  tiie 
xnetal  and  of  the  liquid  ? 

154.  A  body,  A,  weighs  in  air  7.55  gram.,  in  water  5.17  gram.,  in  an- 
other liquid  5.35  gram.  What  is  the  specific  gravity  of  the  body  and  of 
the  liquid  ? 

155.  A  body  weighs  14  pram,  in  a  vacuum  and  9  gram,  in  water ;  an- 
other weighs  8  gram,  in  a  vacuum  and  7  gram,  in  water.  Compare  their 
specific  gravities. 

156.  A  glass  ball,  weighing  10  gram.,  loses  3.636  gram,  in  water,  and 
2.88  gram,  in  alcohol.     What  is  the  specific  gravity  of  alcohol  ? 

157.  A  glass  ball,  weighing  10  gram,  and  whose  SpMr,  =  2.75,  weighs, 
under  rape-seed  oil,  6.658  gram.    What  is  the  specific  gi'avity  of  this  oil  ? 

158.  A  glass  ball,  as  al>ove,  weighs  under  water  6.364  grain.,  and  under 
another  liquid  7.12  gram.     AVliat  is  the  specific  gravity  of  this  liquid? 

159.  A  volumetre,  whose  stem  is  exactly  cylindrical,  sinks  in  a  liquid 
whose  Sp*  Gr,  =  1.1  to  a  point  b,  and  in  pure  water  at  4*^  C.  to  a  ])oint  «. 
The  distance  from  a  to  &  is  4  c.  m.  How  far  from  a  must  the  divisions 
be  placed  to  which  the  hydrometer  will  sink  in  liquids  whose  Sp,  Gr,  «=« 
1.01,  1.02,  1.03,  1.04,  1.05. 

160.  A  similar  volumeter  sinks  in  a  liquid  whose  Sp.  Gr,  =«  ^  to  a 
point  5,  and  in  a  liquid  whose  Sp.  Gr,  «=  ^'  to  a  point  a,  higher  on  the 
stem.  What  is  the  spi  iC  ^  oi  vl  liquid  in  which  it  sinks  to  an  in- 
termediate point,  d^fs  ab  '^L 
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ir»l.  A  column  of  watrr  1.55  m.  h\p\\  is  in  equilibriimi  with  a  roli 
of  liquid  2.17  m.  higlu     AVhat  Li  the  iipecitic  gruvitjr  of  the  liquid? 

Jfitcelianeous, 

10)2.  An  alloy  of  gold  and  »\\yvT  wci^h.H  10  kilogramroet  in  air,  and 
0,^»7o  kilt><rniRiRir!4  in  watrr.  What  arc  the  proportionfl  of  gold  an4 
silvrr?     'Dm*  ii|X'rjHc  praviiy  of  p>ld  ^  ID. 2,  of  silver  ^  10..*. 

ir»«(.  An  alloy  of  <x>|>|M*r  and  silver  weiplM  37  kilof^ramiiH^  in  th«  air. 
and  Io!H«M  3.0CG  kilo^^rammes  when  weighed  in  water.  Wlmt  are  the  |iro 
iMirtions  of  .silver  and  copper? 

1 C4.  'llie  hixH'ifie  gravity  of  line  U  7,  and  that  of  copiMT  9,  nearly. 
Wlmt  amounts  of  zinc  and  i*op|MT  must  l>c  taken  to  form  an  alloy  mri;:!j> 
ing  .'Ht  gnim.,  and  having  a  ^fM^itic  gravity  equal  to  8.2,  aiwamin^  that 
the  vtilume  of  the  alloy  in  exactly  the  »uni  of  the  volumes  uf  the  two 
mctiils  ? 

IC'i.  Hequin^l  the  ypeeitic  gravity  of  a  mixtun;  of  18  kilogmmmr^  of 
sulphuric  a(*id  an<l  8  kihignunmeM  of  water,  a^uming  that  the  nfim^ 
gravity  of  tli<>  acid  ia  ecjual  to  1.H4,  and  tlmt  the  volume  of  the  mixture 
is  ron<lenHHl   j'j. 

!€(».  Into  a  rvlindrical  ve!«9tel  with  a  horizontal  l»a<*»e  lOe.  m.  in  diaokp- 
ter,  tht*n*  an*  {ioun*<l  12  kilogrnmnieA  of  nien*urv'.  At  what  height  will  the 
liquid  rijie  in  the  cylinder?     'Die  H|MH*ilk?  gravity  of  mercury  14  13.;St>C. 

ir»7.  IIow  mui'h  m<'n*ur%'  will  a  <^>nical  vei^^d  hold  which  is  87  cflk 
high  uihI  4t*>  cm.  in  diam«*trr  at  ili**  Imix*  ? 

1<»H.  A  ri^lindrr  of  <uik  wcmmI  i%  «*»o  r.  m.  in  diameter  and  2.*'»  m.  Inti*  i 
th«*  h|MM*itic  ;;ni\ity  of  tli<'  wood  is  1.17.  What  i^  the  vtdunn*  and  the 
Wi»i;:ht  of  tli«»  cvlifidtT? 

I ♦»'.•.  A  cylindriral  v<*'««*rl  U  tiCt.O  cm.  high,  niul  2l.<>c. m.  in  diamrtrr. 
interior  mra^iin'.  How  much  ah^hol  «>f  >{Hn*iric  gr.i\ tty  Oj^G**l  will  the 
cvliiidt-r  c«»iit;uii  ? 

170.  I^*:ivr«  «»f  pi»ld  an»  madi»  only  O.tMil  m.  m.  in  thickncAn  ;  tlie  *pi-- 
cific  gniviiy  (»f  goM  i-quaU  lli.t>.'f2.  How  much  burlace  itui  be  «x»%t-n«I 
with  1<^  gnini.  ut'  pild  ? 

171.  A  m*t-in»n  li:ill  wi'ijrh^  12  kilngrnmme^  ;  the  HM»citic  gravity  i/ 
ni»t-in»n  i*  7  «l.'».      What  \%  tli«*  radiii'*  <»f  tli«»  hall  ? 

172.  What  i^  th<*  «li:im«'t«T  of  a  platinum  win*  %(hirh  weighs  28  grmm. 
for  ^arh  nn'fn»  of  lfn<;ili  ?     Tli«*  *|MTith'  gnivity  of  platinum  i^  22.*»««, 

I7.'l.  A  ^il^••r  win*  12.'»  m.  Ion;:  Hii;:h*  (\  ^nun. :  tin*  ^^K•^•ilir  grm%ityof 
>il\«T  U  lO,47l.      What  i*  tin*  «li:ini«i«r  of  tin*  %*in*? 

174.  In  a  capillary  tuU*  U  ciintnin«'d  a  column  of  merrunr,  w^n((hiB|( 
0..'HMi  crtim.,  which  measures  1.'{.7(X)  c.  ui.  at  0'  C.  What  !<  the  diaoiricr 
of  the  tube  ? 

175.  A  win*  0.785  m.  long,  aikI  weighing  0..1<>4  gram.,  IcMra  0.017 
whcu  meighed  under  water.     What  is  the  diameter  of  the  wire  ? 
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in.  Chabactgristic  Properties  of  Gases. 
(149.)  Mechanical  Condition  of  Gases.  — The  peculiar  prop- 
erties of  a  gas  seem  to  depend  on  the  fact,  that  the  repulsive 
forces  existing  between  its  particles  are  greater  than  the  attrac- 
tive forces  (78).  Consequently,  the  particles  of  a  gas  tend  to 
recede  from  each  other,  and  were  it  not  for  extraneous  causes  the 
gas  would  expand  —  so  far  as  is  known  —  indefinitely  into  space. 
This  natural  tendency  of  gases  is  restrained  on  the  surface  of  our 
globe  by  the  pressure  which  the  atmosphere  exerts  in  consequence 
of  its  veight;  but  when  this  pres- 
sure is  removed,  the  expansive  ten- 
dency becomes  at  once  manifest. 
The  air  which  is  contained  in  the 
Indiar-rubber  bag  (Fig.  253),  for 
example,  is  prevented  from  expand- 
ing by  the  pressure  of  tlie  atmos- 
phere on  its  exterior  surface.  If, 
bowever,  we  place  the  bag  under 
the  receiver  of  an  air-pump,  and 
remove  the  pressure  by  exhausting 
the  air,  the  bag  will  at  once  ex- 
pand ;  and  this  expansion  will  con- 
tinue until  the  expansive  tendency 
of  the  air  is  balanced  by  the  elas- 
ticity of  the  bag. 

The  force  with  which  a  gas  tends  to  expand  is  called  its  ten- 
sion ;  and  it  is  cv^ent  that,  when  in  a  state  of  rest,  tJic  tension 
of  a  gas  must  be  exactly  equal  to  the  pressiirc  to  which  it  is  ex- 
posed ;  for  were  this  not  tlic  case,  the  force  which  was  in  excess 
vould  cause  a  motion  in  tlie  particles,  which  is  inconsistent  with 
tlie  supposition.  It  appears,  therefore,  that  in  a  gas,  as  in  a 
liquid,  the  particles  are  in  a  condition  of  ciiuilibriuin  ;  the  only 
diETercnco  being,  that  in  a  liquid  the  equilibrium  exists  between 
tlie  attractive  and  repulsive  forces  in  the  liquid  itself,  but  in  tiic 
gas,  between  the  excess  of  repulsive  forces  in  the  body  and  an  ex- 
ternal pressure.  In  consequence  of  this  condition  of  equilibrium, 
the  particles  of  guscs  are  endowed  with  perfect  fi-eedom  of  motion, 
and  gases  are  thereforo_/?Kirfs  (117).  Moreover,  since  they  are 
both  elastic  (77)  and  ponderable  (T),  it  follows  that  all  those 
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properties  which  aro  the  necessary  consequence  of  tbem  mechan- 
ical conditions  must  belong  to  gases  as  well  as  to  liquids.  Tlie^e, 
as  before  (111)),  naturally  divide  themselves  into  two  cUsves: 
first,  those  which  are  independent  of  the  action  of  gravity  ;  and« 
secondly,  those  which  depend  upon  it.  As  these  pro|)ertie9  have 
l»een  so  fully  disi!ussed  in  the  case  of  liquids,  it  will  only  \tc 
niH^essary  to  extend  the  principles  already  established  to  tlie  ca»e 
of  gases. 

Properties  Common  to  Gases  and  Liquids. 

(ir>0.)  Pressure  trhieh  is  imle/temlent  of  the  Ariion  of  Grar- 
ity,  —  liCt  us  now  sup|M)!ie  that  the  vessel  (Fig.  i>4)  alnmdy 
described  (120)  is  filled  with  air,  instead  of  wat4*r.     As  this  air 

is  in  a  |>ermanent  state  of  tension,  it  will, 
in  conse<|nence  of  its  elasticity,  exert  pm- 
sure  in  all  directions ;  and  it  is  evident, 
from  the  same  course  of  reasoning  used 
in  the  case  of  water  (120),  tliat  the  pres* 
snros  it  exerts  against  the  pistons  a,  b^  c^d 
will  l>e  pro|K>rtional  to  their  areas.  In 
^  2M.  '"^^*  manner,  the  same  will  be  true  of  any 

[>ortion  of  the  interior  surface  of  the  v««- 
s<*K  and  also  of  anv  ideal  Miction  in  the  interior  of  the  vess<*l.  If 
two  s«vtions  are  tMjiial,  tln*y  will  receive  espial  pressures  ;  if  uii- 
iH|iial.  tlh»  prrs>un's  will  U*  pro|M)rtional  tu  their  areas. 

If  tlic  air  in  thr  inttTinr  of  tli<'  Vi.*>M*l  is  in  the  hanie  condition 
as  th«*  <*xt4Tnal  atnio>p)MT<\  it  is  evident,  fn>m  what  has  U*«*n 
saiil.  tliat  tlie  prrssun*  of  the  air  on  the  interior  surface  of  the 
vessi»l  will  U»  exa<ily  balanced  by  the  pressure  of  the  atnlo^phe^«* 
on  the  outside.  Th«*  piston,  tlnTcfon*,  Inking  pn»ssed  ei|ually  on 
their  inner  and  oul«'r  surface's,  will  have  no  tendency  to  move. 
This  InMng  th<*  eoiidition  of  the  air  in  the  vessel,  let  us  sup|M»Hr 
that  we  con«h'nsi»  tin*  air  still  further,  by  pn^^'sing  in  one  «if  the 
pistons  :  it  i*»  <*vident  that  w«'  shall  thus  develop  a  gn*ater  elas- 
tieity  in  tin*  |artieh»t,  and  eaeh  jairtiele  will  in  consequence  exert 
a  great«T  pre^'sure.  Tlu*  inert  nstd  pn»ssun»s  now  exerti^i  against 
the  inner  surfiMM*^  of  th«*  pi«»t«ins  will  l»e  pn»|Mirtit>nal  to  the  ntini* 
lier  of  ga«»«M>ns  partirlrs  in  e<»ntaet  with  them,  i»r,  in  other  words, 
pn>|M)rtional  to  their  an*a*».  The  pressun*s  on  the  inner  sur- 
faces being  also  greater  than   those  on  the  outer  surfaces,  tbe 
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pistons  will  tend  to  move  out  with  forces  varying  in  the  same 
proportion. 

From  these  considerations,  it  appears  that  gases,  like  liquids, 
transmit  pressure  equally  in  all  directions ;  the  only  difference 
being  this,  that  in  our  experiments  on  gases  we  start  with  a  cer- 
tain initial  pressure  duO  to  their  permanent  elasticity.  Gases, 
like  liquids,  will  transmit  pressui*e  through  long  tubes  and 
through  any  passages,  however  circuitous,  provided  only  that 
there  is  a  line  of  gaseous  particles.  A  good  example  of  this  is 
furnished  by  the  gas-pipes  of  large  cities.  Any  pressure  applied 
at  tlie  gasometer  is  transmitted  almost  instantaneously  through 
hundreds  of  miles  of  pipe  distributed  in  a  most  circuitous  man- 
ner over  several  square  miles  of  area.  Tlie  close  resemblance 
which  gases  bear  to  liquids  is  also  shown  by  i\\€  fact  that  they 
transmit  pressure  from  one  to  the  other  indifferently.  We  shall 
have  occasion  to  notice  several  examples  of  this  farther  on. 

Since  the  proof  used  in  (121)  applies  to  gases  als  well  as  to 

liquids,  it  follows  that  the  line  indicating  the  direction  of  the 

pressure  exerted  by  any  gaseous  particle  against  the  section  with 

which  it  is  in  contact,  is  always  a  perpendicular  to  this  section 

at  the  point  of  contact. 

(lol.)  Pressure  depending  on  the  Action  of  Gravity.  —  The 
facts  in  regard  to  the  pressure  exerted  by  liquids  in  consequence 
of  their  weight  are,  as  we  found  in  sections  (128)  to  (129),  all 
necessary  consequences  of  the  one  fundamental  ])ropcrty,  that 
they  transmit  pressure  equally  in  all  directions  ;  and  it  therefore 
follows,  that  each  of  these  facts  must  be  true  of  gases.  Let  us 
commence  with  an  ideal  case.  Suppose  a  closed  cylindrical  ves- 
sel, several  kilometres  high,  filled  with  air  of  the  same  density 
through  its  whole  extent,  and  rising  vertically  from  the  surface 
of  the  globe.  It  would  be  true  of  such  a  vessel,  that  the  pres- 
sure err r ted  by  the  air  on  the  base  of  the  cylinder,  or  on  any  por- 
tion of  its  side  J  or,  in  fine,  on  any  section  xrhatsocver,  would  be 
equal  to  the  weight  of  a  column  of  air,  the  area  of  whose  base  is 
equal  to  the  area  of  the  section,  and  tchose  height  is  equal  to  the 
vertical  distance  of  the  centre  of  gravity  of  the  section  from  the 
top  of  the  cylinder.  Moreover,  the  pressure  on  any  given  sec- 
tion would  be  entirely  independent  of  the  form  or  size  of  the 
vessel,  provided  only  that  the  height  remained  the  same. 

This  last  circumstance  is  one  of  great  importance,  because  it 

28 
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cnaiilcs  us  to  extend  our  conclusions  at  onco  to  the  case  of  the 
atn)os|)hore.  Tlie  atmosphere  is  a  mass  of  air  retained  upon  the 
surface  of  the  glo>)e  by  the  force  of  gravitation ^  and  rtaing  to  a 
height  which  is  estimated  at  the  lowest  at  forty-seven  kilometre:*. 
It  is  Mi|»|)osed  to  have,  like  the  ocean,  a  definite  surface,  which, 
when  at  rest,  is  |)or|)endicular  at  each  point  to  the  direction  o( 
gravity.  It  {mrtakes  of  the  rotation  of  the  glolie  on  its  axis,  and 
would  remain  at  n.*ht  relatively  to  terrestrial  objects  were  it  not 
for  local  causes,  which  produce  winds  and  disturb  at  each  nn^- 
ment  its  I'liuilibrium.  Neglecting  these  disturbances,  we  may 
regard  the  atmosphere  as  a  gaseous  ocean  in  equilibrium  ourering 
the  earth  to  a  certain  level,  and  exerting  the  same  effects  of  pres- 
sure as  if  it  were  a  liquid  having  a  very  small  density.  It  fb(- 
lows,  tliercforef  that  each  fMirticIe  of  the  air  exerts  a  pressure 
e<)uul  to  the  weight  of  a  vertical  line  of  superincumbent  partidei 
rising  to  the  surface  of  the  atmosphere.  This  pressure  will  be 
constant  on  surfaces  at  the  same  level ;  it  will  increase  as  we  de- 
scend in  the  atmosphere,  and  diminish  as  we  rise  in  it.  At  any 
one  |K>sition,  it  will  Im)  espial  on  surfaces  of  the  same  arem,  wiial- 
ever  may  Ik3  tli<*ir  direction  ;  and  on  surfaces  of  unequal  area  it 
will  U?  in  pro|M)rtion  to  the  extent  of  the  areas.  It  will  be  tlie 
same  in  the  interior  of  any  vessel  or  room  as  in  the  outer  air, 
provided  only  there  is  a  connection  with  the  exterior  atnlo^pllo^e 
by  some  a|H»rtun.\  however  small.  Finally,  the  air  will  buoy  up 
all  InhIjch  iinmerMMl  in  it  with  a  force  wliieh  will  l>e  e«]ual  to  the 
weiirht  (»f  the  vohiuK.'  of  uir  di>plue4Hi.  As  the  validity  of  tlK»e 
conclusions  has  already  In^en  i*stal>lished  in  n^prard  to  liquid*,  it 
will  (»nly  Ih*  ni*(*rvsary,  in  the  case  of  gases,  to  illustrate  the  gen- 
eral faiU**  by  a  few  exjxTiments. 

(  l.'*-. )  Prrssurr  of'  ihr  Atmoxphere,  —  The  pressure  exert«*tl 
by  th<*  atni4»sphen^  on  all  Ixxlies  near  the  surface  of  the  gl*»l»o  i^ 
exeetMiincly  ^reat,  amoiniting,  as  we  shall  soon  prove,  to  over  one 
kiloirramme  on  evory  square  centimetre  of  surface,  and  to  alH»ut 
1t»,<HMi  kib>&rnimmeH  on  the  surface  of  the  )K>«iy  of  a  man  of  or- 
dinary statu n'.  Ihit  since  thin  pn^ssun*  is  exertetl  eipially  in  alt 
din*rti<»n*<.  and  since  the  cavitit»>  of  the  U^dv  are  filhrd  either  b? 
air  or  <»ther  gases,  which  exert  a  pressure  (»n  the  one  surface  of 
its  delicate  menibrani's  exactly  (*«{ual  to  that  exertiMl  on  the  otlier, 
thin  gr**at  pres>ure  in  not  |»enM*ptih|e.  and  indi»etl  was  not  known 
to  exist  until  it  was  discovered  by  Torricelli  in  1643.     If,  how* 
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erar,  by  any  means,  wo  can  remore  the  pressure  from  one  side 
only  of  a  membrane,  then  the  pressure  on  the  other  side  viU  bo- 
come  evident. 
We  can  readily  remoTe  tho  pressure  from  the  interior  surface 
of  a  vessel,  by  removing  the  air  by  means 
of  an  air-pump  (175),  and  thus  remov- 
ing the  fluid  medium  through  which 
tho  pressure  is  transmitted.  For  exam- 
pie,  if  we  remove  the  air  from  the  cylin- 
drical glass  vessel  which  is  represent- 
ed in  Fig.  265,  resting  ou  the  plate  of 
an  air-pump,  we  shall  also  remove  the 
pressure  from  the  lower  surface  of  tlie 
thin  animal  membrane  which  covers 
and  closes  the  cylinder  from  above. 
Then  the  great  pressure  on  the  upper 
surface,  l>cing  no  longer  balanced,  will 
exert  its  full  effect,  first,  by  depressing 
the  membrane,  and  afterwards  by  bursting  it,  if  it  bo  not  too 
strong. 

That  the  pressure  of  the  atmosphere  is  exerted  upwards  as 
well  as  downwards,  may  be  further  illustrated  by  means  of  the 
apparatus  represented  in  Fig.  256. 
It  consists  of  a  glass  vessel  supported 
on  a  tripod  stand,  having  a  lai^ 
opening  below,  and  a  small  tubulature 
above.  The  lower  opening  is  closed 
by  a  bt^  of  India-rubber  cloth,  as 
represented  in  tlie  figure,  and  the  tu- 
bulature  is  connected  with  an  air- 
pump  by  means  of  a  flexible  hose. 
On  exliausting  the  air,  the  bag  is 
pressed  up  into  the  glass  vessel  with 
sufficient  force  to  raise  the  heavy 
weight  wliich  is  attached  to  it  by 
means  of  a  leather  strap.  By  modi- 
fying the  apparatus,  it  is  easy  to  show  that  the  pressure  is 
exerted,  not  only  upwards  and  downwards,  but  also  in  all  direc- 
tions. These  various  forma  of  apparatus,  liowcvor,  only  demon- 
strate the  existence  of  pressure.  They  do  not  enable  us  to 
measure  it. 
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(l.'i.'l.)  Buoyancy  of  the  Air.  —  The  gcnonl  bet,  thkt  air. 
liko  ]ir|iiid9,  buoys  up  all  bodies  immcrBcd  iu  it.  mar  lie  iltiu- 
trutcd  by  nicaiist  of  Uio  apiianuiu 
rcpruseiitcd  in  Fig.  2.'>7.  It  d>ii- 
t-ists  uf  &  cluscil  glottc  ^u^|>clltl•■d 
tu  one  arm  of  a  dulicatu  l>aUiM-<>, 
c<iulix)iM!d  by  a  WL-ifrht  kus|«-ii<!- 
cd  to  llie  other.  Ttic  two  aro  iu 
cijiiilibriuiii  in  tltc  air.  but  oiily 
because  tliu  globe,  Iwiiig  UrvT 
tliaii  tlie  weight,  is  buuvcd  up 
l>y  a  greater  force.  If,  nuw,  ihc 
a]>[>aratus  is  placed  ui>»n  tlw 
jilato  of  an  a)r-[>uiU|>  and  covore-l 
Willi  a  glass  bcU,  wo  thall  find. 
oil  n-inoviiig  the  air,  that  tlw 
glolte  will  )ire{ionder.it<<.  ns  ii 
Fi«  n*.  bhown  la  llie  figure.     Itr  rt'UtoT- 

ing  the  air,  we  increase  the  a|r 
parent  weight  iNttli  of  the  glulw  and  of  the  eiiunter|M»iH:  lir  ju>t 
tlie  weight  uf  the  uir  di>-)ilaced  by  caeli ;  but  as  the  gloliu  is  luiich 
the  largi>!'t,  we  iiicrea.^  its  weight  inuro  than  that  of  the  fmoller 
bru^s  eiiuNteri>uiM',  and  henee  the  result.  If  we  alluw  tlie  air 
(o  rtM-tit<T  the  bell,  it  will  bu>>y  u)>  the  gIol>c,  ok  liefore,  hO  uiueh 
more  lliuii  the  t-<iuiiUT|ii>iM-.  u-j  ii>  n.-s(un.'  the  eijuilibrium. 

(l.'^l.)  Wrifrhlofa  HimIi/  in  Air.  —  Au  ini|>orUiul  eun»c<]uene« 
of  the  priueiple  ju'-t  illu^I^ut<■>l  i>  t-videiit.  The  bulanev  (l.^>«  iml 
pive  ni>  the  true  t\'lulivi-  wcigbi.  11'.  of  n  InhIv.  I>nt  a  »ligh(ly  dif- 
fen'iit  weight.  (b-|M-nding  im  the  wi-i;:bt  of  uir  <lis|>liu-cd  by  tli« 
Ixxly  ci>ni|tan>d  with  the  weight  nf  uir  di^|lIlK-l1|  by  the  limn*  or 
platinum  weiirhtH  nM-<l  in  weicliing.  As  the  volnni*'  of  thcM 
wvightM  IN  gi-iienillr  h-M.  thiiii  that  of  thi!  Ixxly.  the  weight  indi- 
ratfd  by  (he  Imlaiin-  i^<  ulmo^t  uIwutn  Iiki  small :  but  when  lh« 
vi.himoof  Iho  w.'iL'ht"  i~  gn'.il.T  than  that  of  the  Uxly.  the  ».ii;bt 
iinlirnt>-d  by  th<'  balanre  \>  tin»  hirp*.  Whi-ii  ibi-  two  v<i|uiih<9 
ar«  oi|tiul,  till*  lHilaiii-<>  will  indii-:il<-  the  mmv  weiiibt  in  air  aA  in 
n  Taeinim.  Ii  i*  ent-y  to  aM-frlitiu  the  corn*ction  whieli  il  is 
tir>c<k«„;iry  t<i  mid  lo  or  Mibtrnel  fiimi  the  weigh!  of  a  Uidy  in  air, 
in  iinl.T  lii  obtain  its  tnn-  w.-iirht. 

It  uimt  be  remembered  that  the  brass  and  iJatidum  weights 
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which  are  used  in  delicate  determinations  of  weight  are  only 
standard  when  in  a  vacuum  (64).  Let  us,  then,  represent  the 
various  values  as  follows  :  — 

IP  =  weight  of  the  body  in  air  as  estimated  by  standard  weights,  and 
also  the  weight  of  the  standard  weights  themselves  in  a 
vacuum. 

T'  =  volume  of  the  standard  weights  in  cubic  centimetres. 

V  =  volume  of  the  body  in  cubic  centimetres. 

w    =  weight  of  one  cubic  centimetre  of  air  at  the  time  of  the  weighing. 
}V  =  weight  of  the  body  in  a  vacuum,  —  which  we  wish  to  find. 

We  can  now  easily  deduce  the  following  values  :  — 

V  w  =  buoyancy  of  air  on  the  weights. 

V  w    =  buoyancy  of  air  on  the  body. 

W*  —  V  ta  =z  actual  weight  of  standard  weights  in  air. 
W  —  Vw  =  actual  weight  of  body  in  air. 

Since  these  weights  just  balanced  each  other,  we  have 

W^Vw=W'—V'w,    or     W=W'  +  w(V—V').      [91.] 

The  correction  w  (^V —  P),  which  must  be  made  to  the  weight 
determined  by  a  balance  in  air  in  order  to  obtain  the  weight  in  a 
vacuum,  is  evidently  additive  when  the  volume  of  the  body  is 
greater  than  tliat  of  the  weights,  and  subtractive  when  these  con- 
ditions arc  reversed.  When  the  volumes  are  equal,  the  correc- 
tion becomes  0. 

In  all  ordinary  cases  of  weighing,  the  correction  is  so  small 
that  it  may  be  neglected  without  sensible  error ;  but  it  becomes 
of  the  greatest  importance  in  determining  the  weight  of  a  gas. 
Ill  such  cases,  we  have  to  determine  the  weight  of  a  large  glass 
globe  when  completely  vacuous  and  when  filled  with  gas  ;  and  it 
not  unfrequently  happens  that  the  buoyancy  of  the  air  is  greater 
than  the  weight  of  the  gas  itself,  and  it  is  always  a  considerable 
part  of  it.  If  the  buoyancy  of  the  air  is  the  same  when  the 
glol)e  is  weighed  in  its  vacuous  condition  and  when  filled  with 
gas,  it  would  not  affect  the  weight  of  the  gas,  which  would  be 
obtained  by  subtracting  the  first  weight  from  the  last.  But, 
unfortunately,  the  buoyancy  is  constantly  changing;  and  it  is 
therefore  necessary  to  determine  the  amount  carefully  at  each 
weighing,  and  reduce  the  weights  of  the  globe  in  the  two  condi- 
tions to  what  they  would  be  if  the  experiments  had  been  made 
in  a  vacuum. 

23  ♦ 
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AVlicn  the  tcmpcratiiro  is  0*  C.  and  tlie  barometer  rtand*  u 
76  c.  111.,  and  wlien  tlio  air  contains  ncitlier  vapor  of  water  nor 
earbuiiio  acid,  ir  is  equal  to  0.0012U3  gram.  Were  tiie  atiooa- 
phcre  always  iit  tliis  cuiidition,  iiotliitig  would  be  carier  than  to 
calculate  tiio  actual  weiglit  of  a  body  from  tlie  weight  found  br 
weighing  in  thiH  mirmal  atiuoi-phere.  But  this  is  tar  from  bcin^ 
the  cose  ;  for  the  temperature,  tho  pressure,  aud  the  composition 
of  the  atmosphere  are  changing  at  each  moment,  and  tlte  value 
of  tr  varies  with  all  these  alrao^plieric  changes.  We  shall  Iwrr- 
after  show  ia  what  way  tho  value  of  w  may  Imj  ascertained,  at  any 
given  time. -when  the  condition  of  the  atmosphere  is  known. 

It  is  frequently  |K>s.xibIo  to  conduct  the  process  of  weighing  in 
nicli  a  way  that  the  correction  for  the  buoyancy  of  the  atmo»- 
jihcre,  always  som^ 
•^^^^^  I      ■  I        '~  •  -^     "^  vltat  uncertain, may 

'         jCT^^^~Tfi~^^^  "i,       r  be  avoided.     For  ex- 

am|ile,  in  weiphin^ 
a  gas,  instead  of 
equipoising  the  gla» 
globe  when  empty, 
by  means  of  ordina> 
ry  weights,  we  may 
equipoise  it  by  means 
of  a  second  globe, 
hermetically  closed, 
and  having  the  «aro« 
volume  as  the  fir»t. 
in  the  manner  repre- 
sented in  Fig.  iV«. 
It  is  evident  that  in 
this  co!«,  whatever 
mar  be  the  buoyaiiry 
of  the  atmo^pl)e^e.  it 
and  we  ohMl  only  have  to  consider 
.11  woitfht"  necessarr  to  re»ti)re 


^^ 


will  o«)ually  affect  tiulh  gl»>i 

tiio  hiioyanrv  of  the  air  wi 

tho  etguilihrium  after  the  gloliv  in  filli-d  with  the  gas  to  be  weiglted ; 

hut  this  is  to  small  that  it  nmy  always  l»e  neglected. 

(l.Vi.)  BalUmns.  —  If  tli.-  w.-iitht  <>f  a  UmIv  is  less  than  that  (rf* 
the  giiB  which  it  displaces,  it  is  evi.lmt  thai  the  liody  will  rise  in  tlie 
gas  ;  and  hence  the  phenomena  of  floating  bodies,  which  we  have 
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already  studied  in  the  case  of  liquids  (140),  must  be  repeated  in 
the  case  of  gases.  It  is  not  difficult  to  construct  a  body  wliich 
shall  be,  taken  as  a  whole,  specifically  lighter  than  air,  and  which 
will  therefore  rise  in  the  atmosphere  as  wood  rises  in  water.  Hy- 
drogen gas  is  14i  times  lighter  than  air,  a^nd  by  enclosing  a  largo 
volume  of  this  gas  in  a  light  bag  made  of  oiled  silk,  called  a 
baUooAj  we  shall  have  a  body  wliich  will  displace  a  weight  of  air 
much  greater  than  its  own  weight.  For  example,  let  us  suppose 
that  the  balloon,  when  fully  inflated,  forms  a  sphere  two  me- 
tres in  diameter.  It  is  easy  to  calculate  that  it  will  contain 
4.1887902  m.»  of  hydrogen,  which  will  weigh  374.436  gram. 
Neglecting  the  volume  occupied  by  the  material  of  tlie  balloon, 
it  will  displace  an  equal  volume  of  air,  weighing  5,418.75  gram. 
The  difference  between  these  weights,  or  5,044.31  gram.,  will 
rcprei^nt  the  excess  of  the  buoyancy  of  the  air  over  the  weight 
of  the  hydrogen  ;  and  hence,  if  the  balloon  and  its  attachments 
weigh  less  than  this,  it  will,  when  inflated  with  hydrogen,  rise  in 
llie  atmosphere.  The  diflTerencc  between  the  weight  of  the  bal- 
loon inflated  with  Iiydrogen  and  that  of  the  air  displaced  by  it  is 
"termed  the  ascensional  force  of  the  balloon.  If  the  balloon  is 
"ten  metres  in  diameter,  and  weighs  100  kilogrammes,  it  would 
liave  an  ascensional  force  of  530.5  kilogrammes,  and  therefore 
sufficient  to  raise  a  car  with  several  passengers  into  the  atmos- 
phere. 

In  practice,  a  balloon  is  never  at  first  more  than  two  thirds  filled 
with  hydrogen  ;  because,  as  it  rises  in  the  atmosphere,  the  gas 
rapidly  expands,  and  it  is  necessary  to  allow  for  this  expansion. 
Moreover,  the  hydrogen  used  is  mixed,  to  a  greater  or  less  extent, 
with  air  and  vapor,  which  greatly  increase  its  weight  These  causes 
diminish  the  ascensional  force  to  such  an  extent,  that  in  practice 
the  ascensional  force  of  a  balloon  ten  metres  in  diameter  would 
not  be  more  than  one  half  of  what  it  is  estimated  above. 

Since  the  introduction  of  coal-gas  as  an  illuminating  material, 
this  is  almost  exclusively  used  for  inflating  large  balloons.  The 
specific  gravity  of  this  gas  is  on  an  average  about  0.5,  and  it  is 
only,  therefore,  about  twice  as  light  as  air.  Hence,  in  order  to 
obtain  the  same  ascensional  force  with  coal-gas  as  with  hydrogen, 
it  is  necessary  to  use  very  much  larger  balloons.  When  the  spe- 
cific gravity  of  a  gas  is  given,  it  is  easy  to  calculate  the  ascensional 
force  wliich  in  any  given  case  i    y  be  obtained  with  it. 
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\jci  US  roprcsoiit  l»y  d  and  //'  the  specific  graTitics  of  air  itid 
the  gas  to  Ihj  xiavily  referretl  to  water  [;*>«] ;  by  ir^  the  weight  of  t)i« 
material  of  the  )»all(M)u  and  its  attachments;  and  hy  V^  its  rulume 
when  inflated.  Then,  hy  ['»<»],  wo  have  for  the  weight  of  tlie 
gas  in  grammes  Vd\  and  for  the  weight  of  the  air  it  di»|»hices  VJ. 
NcgUvting.  for  the  moment,  the  weight  of  the  balloon  itself,  vc 
shouhl  havo  for  the  ascensional  force  V(d  —  </').  Suhtractin? 
the  weight  of  the  balloon  and  its  attachments,  wo  liaTe,  for  the 
total  ascenbional  fctrce  Fy 

r=  }\d  —  d)—W.  [92.] 

If  the  balloon  is  a  sphere  of  which  R  is  the  radius,  then  wo 
should  have  for  the  value  of  T,  when  the  balloon  was  fully  in- 
flated, §  n  li^j  and  for  the  value  of  Fy 

F=^in  R'  (d  —  d)—  ir.  [M.] 

When  the  gas  used  is  pure  hydrogen,  d  =  0.001 29o08,  and  d  =» 
0.000OHl):;i).  Substituting  these  values,  and  also  for  jt  its  wtlb 
known  value,  the  expression  liecomes 

/'=  0.00o044:Jl  R'—  ir,  [M,] 

in  which  R  stands  for  a  certain  numlter  of  centimetres,  and  If* 
for  a  certain  nunil>cr  of  gnimmes. 

As  wo  livi»  at  the  Untom  of  the  ocean  of  air  which  sumnindf 
the  gb*iH\  \\i}  cnnnot«  from  the  nature  of  tlie  case,  imitate  with  it 
the  con«Iition  <»f  a  vosxd  floating  on  the  surface  of  the  water: 
but  witli  otlicr  gaM>s  tills  condition  of  things  may  be,  at  lea>t  in  a 
small  way,  vory  nearly  approached. 

The  Kirgi*  f»'rmentiug-vats  of  breweries  and  distilleries  are  al- 
uuM  c(in*«tantly  filled  with  carlxMiic  acid  gas,  which,  lieing  bear. 
itT  than  the  air.  remains  in  the  tank,  and  has  a  Mirface  like  that 
(if  writer,  ahhouudi  it  is  not  quite  so  defuiite.  By  explodim;  a 
littlf  guiifMywder  in  th«*  gas,  and  thus  filling  it  with  ^moke.  th*- 
surfa**e  Ueomes  di*>tinetlv  vi^ilde.     A  verv  illustrative  eiiterimont 

•  •  • 

can  U*  math*  at  surh  vats,  by  allowing  M)a|>-bubbles,  blown  with  a 
common  t(>baee(Hpi{N\  to  fall  on  the  gus  thus  cbtuded.  They  «ill 
for  a  few  moments  float  on  the  surface,  and  illustrate  in  a  nio^t 
^triking  manner  the  analogy  between  gases  and  liriuids. 
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Differences  between  Liquids  and  Gases. 

(156.)  We  shall  fail  to  give  an  accurate  idea  of  the  nature 
of  a  gas,  if,  after  having  dwelt  upon  the  analogies  between  liquids 
and  gases,  we  do  not  point  out  those  qualities  which  distinguish 
these  two  conditions  of  matter. 

1.  Difference  of  Specific  Gravity.  —  The  most  obvious  differ- 
ence between  gases  and  liquids  is  to  be  found  in  their  relative 
weight.  A  litre  of  water  weighs  1,000  grammes,  and  the  weight 
of  the  same  volume  of  other  liquids  varies  from  600  to  3,000 
grammes,  leaving  out  of  account  mercury  and  other  metals,  when 
in  a  melted  state,  which  are  much  heavier.  Between  these  limits 
we  find  almost  every  possible  gradation.  One  litre  of  air  weighs 
1.294  gram.,  and  the  weight  of  one  litre  of  other  gases  varies 
between  0.089  gram,  and  20  gram.  There  is,  therefore,  a  wide 
gap  between  tlie  lightest  liquid  and  the  Iieaviest  gas,  but  yet 
this  difference  is  one  entirely  of  degree  ;  and  although  this  gap 
is  not  filled  by  any  known  substance  in  its  normal  condition  on 
the  globe,  yet  Natterer,  in  his  experiments  on  the  condensation  of 
gases,*  must  have  had  atmospheric  gas  in  every  degree  of  density 
between  its  ordinary  density  and  that  of  water. 

2.  Compressibility.  —  Gases  are  also  distinguished  from  liquids 
by  being  far  more  compressible.  When  by  means  of  a  piston  we 
attempt  to  condense  a  liquid,  we  find  that  we  can  only  reduce  its 
volume  very  slightly.  But  this  almost  insensible  diminution  of 
volume  develops  a  very  great  elasticity  ;  for  it  is  only  necessary 
to  reduce  the  volume  one  forty-five-millionth  to  produce  a  resist- 
ance equal  to  tlie  pressure  of  our  atmosphere.  It  is  different  with 
gases.  When,  for  example,  we  press  down  a  piston  into  a  cylinder 
containing  air  (Fig.  51),  it  is  necessary  to  reduce  the  volume  to 
one  half  in  order  to  double  the  resistance,  and  to  one  third  in 
order  to  treble  it.  As  the  pressure  is  increased,  the  volume  of  a 
gas  is  diminished  almost  in  the  same  proportion ;  as  the  pressure 
is  diminished,  on  the  other  hand,  the  volume  of  the  gas  is 
proportionally  increased.  For  this  reason,  gases  are  frequently 
called  compressible,  and  liquids  incompressible  fluids ;  but  here 
again  the  difference  is  one  of  degree  rather  than  of  kind. 

This  difference  of  compressibility  gives  rise  to  an  important  dif- 

♦  Poggendorff,  Annalen,  XCIV.  436. 


274  CHEMICAL  PHYSICS. 

fi*reiicc  (if  condition  I»ctwccn  the  at[noff|>berG,  regarded  as  an 
ocean  of  pis,  and  the  liquid  oceans  of  our  glokw.  As  we  de- 
scend in  the  ocean,  although  the  pressure  increases  with  great 
rapidity,  yet  the  density  of  the  water  is  not  materially  incremsed. 
It  is  very  diflerent  with  tlie  atmosphere.  As  we  rise  in  tliis  ocean 
of  gas,  the  air  l)cconios  less  dense  in  proportion  as  tlie  prct^sure  U 
diniinisheil,  and  wlicn  at  a  height  of  alxiut  5,520  m.  tlie  pressure  i« 
reduced  one  half,  the  density  is  also  reduced  one  half.  On  the 
other  hand,  when  we  descend  into  mines,  and  tlie  pressure  from 
above  is  increased,  the  density  of  the  air  increases  in  tlio  sanie 
pro|K>rtion.  The  atmosphere  dues  not,  therefore,  like  the  sea* 
consist  of  a  fluid  of  nearly  uniform  density  throughout,  but  its 
density  very  rapidly  diminishes  as  wo  rise  alcove  the  surface  of 
the  gl(»>»e.  It  would  not,  then,  l>e  jiossiblo  to  hare  a  cylin* 
.  drical  vessel  filled  with  air  of  uniform  density  tliroughoul  its 
whole  height,  as  we  sup|K)sed  in  (151 ).  Such  a  condition  of 
things  is  wholly  ideal,  and  was  introduced  merely  for  tlie  sake 
of  illustration.  Were  the  atmos(»here,  like  the  sea,  of  nearly 
uniform  density,  its  height  would  l>e  only  about  eight  kilome- 
tres, instead  of  fiirty-sevcn,  as  already  stated.  The  pressure 
exerted  bv  such  an  ideal  fluid  would  l»e  t)rectselT  the  same  as 
that  exerted  by  the  atmosphere  ;  so  that,  while  merely  studying 
the  p^e^^ure  (»n  the  surface  of  the  earth,  we  may  conceive  of  the 
pres>uro  as  exerted  by  a  fluid  of  uniform  density,  without  com- 
mitting any  nuiteriul  error  ;  but  it  must  Ih^  n*iuemborrd  that  the 
real  htate  of  tin*  ca>e  is  very  ditlerent.  We  shall  return  to  tbi« 
Mibj<H*t  in  a  futun>  sect  ion. 

I».  Prrmatunt  Elustitittf,  —  We  have  aln^adv  dwelt  at  some 
length  on  this  pn»|M*rty  of  goM's,  which  di^tingui^hes  them  pre- 
eniinently  from  Ii(|iiidH  ( 141*)  ;  but  even  here  the  diflerence  is 
not  so  stnuigly  marked  as  it  would  at  fir>t  sight  seem.  A 
simple  e\|4*rinirnt  will  illu>tnkte  this  |Kiint.  and  at  the  same 
time  mak<*  the  di^tinetiou  U'twtHMi  the  two  fluid  conditions  of 
matter  firarer. 

Let  UH  tak«*,  tlhMi,  a  voliim«».  T,  of  water,  contained  in  a  vessvl 
of  mneh  grratrr  rapacity,  and  b*t  us  supfMise  that  its  tem|ierBture 
is  1<>0\  and  that  it  i«*  exfioM'd  to  a  givi'ii  pn*svun\  fur  example 
of  tiMi  atino«'plii*n»s.  If,  now,  we  diniiiii«>h  the  |in»ssure  Mircov 
si%rlv  bv  one  atniovtihen*  earb  time,  tbr  volume  V  will  incr«*a.M.*  I'V 
a  very  small  amount,  repn*s<*nted  l>y  I'^i,  at  each  (»|ieratioii.     A» 
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soon,  howoTer,  as  the  pressure  is  reduced  to  one  atmosphere,  this 
law  of  expansion  ceases  abruptly,  and  the  water,  without  any 
intermediate  transition,  takes  a  volume  1,200  times  greater  than 
before,  changing  into  a  gas  having  all  the  properties  of  air,  and 
preserving  these  properties  at  any  pressure  less  tlian  one  at- 
mosphere. 

We  may  now  reverse  this  experiment.  Let  us,  then,  increase 
the  pressure  upon  this  gas  formed  by  water ;  we  shall  find  that, 
when  the  pressure  is  doubled,  the  volume  of  the  gas  will  be  re- 
duced one  half,  but  as  soon  as  the  pressure  exceeds  one  atmos- 
phere it  will  suddenly  take  a  volume  1,200  times  smaller  than  be- 
fore, and  a  density  1,200  times  greater,  collecting  in  the  lower  part 
of  the  vessel  in  a  liquid  form.  After  this,  it  can  be  compressed 
but  very  slightly  by  increasing  pressures.  We  have  taken,  as  an 
example,  water  at  100°,  because  the  change  of  state  which  it 
undergoes  at  this  temperature  is  a  familiar  fact  to  every  one. 
We  might  have  cited  sulphurous  acid  gas,  which  liquefies  at 
— 10**,  or  carbonic  acid  gas,  which  liquefies  at  — 78** ;  but  what- 
ever might  bo  the  body  examined,  the  result  would  be  the  same. 

What  has  now  been  stated  in  regard  to  gases  may  be  summed 
up  in  a  few  words.  They  are  bodies  constituted,  like  liquids,  of 
molecules  which  repel  each  other,  bodies  which  transmit  pressure 
equally  in  all  directions,  which  arrange  themselves  under  the  influ- 
ence of  gravity  in  strata  whose  density  and  elasticity  increase  as  we 
descend,  which  buoy  up  all  bodies  immersed  in  them  witli  a  force 
equal  to  the  weiglit  of  the  fluid  displaced,  and  in  wliich  the  laws 
of  the  equilibrium  of  floating  bodies  are  reproduced.  These  are 
the  analogies.  On  the  other  hand,  they  are  bodies  having  a  very 
small  density,  obeying  a  special  law  of  compressibility,  and  which, 
wlien  submitted  to  a  sufficient  pressure,  change  into  liquids.* 
Such,  then,  are  the  characteristic  properties  of  gases  ;  but  before 
studying  these  more  in  detail,  we  must  consider  the  mode  by 
whicli  the  pressure  of  a  gas  may  be  accurately  measured. 

THE   BAROMETER. 

(157.)  Experiment  of  Torricelli.  —  Before  the  middle  of  the 
seventeenth  century,  tlie  phenomena  which  we  now  refer  to 
the  pressure  of  the  air  were  explained  by  a  principle  invented 


•  We  shall  hereafter  Icam  that  there  are  some  gases  which  have  not  been  liquefied. 
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the  Aristotclcans,  namely,  tliat  ^^  Nature  abliora  a  racuum 

lOM?  ancient  philosophers  noticed  that  9|iace  was  alwajs  filli 

ith  bonie  muteriul  tiulwtance,  and  that,  the  moment  a  bulid  Imi 

as  renioviHl«  air  or  water  always  rushed  in  to  fill  the  ^|Nlcc  thi 

IcK'rted.     Hence  they  concluded  that  it  was  a  univonail  law 

nature  that  h|»uce  could  not  exiht  unoccupied  hy  matter,  and  ll 

phraM)  ju>t  <|Uotcd  was  merely  their  figurative  exproshioii  of  tli 

idea.     When,  for  example,  the  piston  of  a  common  {»ump  wi 

drawn  up,  the  rise  of  the  water  was  explained  by  declaring  thi 

as  from  the  nature  of  things  a  vacuum  could  not  exist,  the  waU 

necessarily  filled  the  sfiacc  deserted  by  the  piston. 

This  physical  dogma  served  the  [iur[M)ses  of  natural  philofopi 
for  two  thousand  years,  and  it  was  not  until  the  seventeenth  cei 
turv  that  men  discovered  anv  limit  to  Nature's  horror  of  a  vacuun 
Even  as  lute  as  1044,  Mers(*nnc  sfieuks  of  a  siphon  which  sha 
go  over  a  mountain,  U^ing  then  ignorant  that  the  effect  of  >uch  a 
instrument  was  limited  to  a  height  of  ten   metres.     Thiji  lim 
ap|ienrs  to  have  been  first  discovered  by  (folileo.     Some  Floffi 
tine  engineers,  1»eing  employed  to  sink  a  pump  to  an  unuMU 
€h*pth,  ftmnd  that  they  could  not  niise  water  higher  than  ten  m< 
tn*s  in  the  liarrel.     (•uliK'o  was  consulteil,  and  he  is  said  to  hu' 
n'plitHl,  that  Nature  did  not  abhor  a  vacuum  aliove  ten  metr 
Ilnwrvcr  this  may  \h\  it  ap|K*ars  that  Oulileo  did  not  under>ta 
th«*  caUM^  of  the  phenomenon,  although  he  had  pn*viou>ly  tau 
that  air  ha«<  wrjirht ;  and  it  was  left  for  hi*^  pupil.  Torric«*llf 
din-ovrr  tlio  truo  explanation.     Torriri'lli  it>a>oiMMl  thai  the  U 
wliat4*v«»r  it  i*!,  wliirh  ^u^taiIlS  a  rolunni  of  \vat«T  ti'U  ni«'tn*> 
in  a  rylindrieal  tuU*,  must  l»e  e<iuival«Mit  to  the  wcii:lit  of  the 
of  water  sustained  :    and  eonsiMpicntly.  if  another  litpiiii 
u«»«l,  heavier  than  water,  the   same  ftiree  e*»ul«i  onlv  su** 
ci»lunni   of  pro|M)rtionally   le»»s   li«*ii:lii.     The  WfJLdit  of  ni 
iH'ing  ti5|  times  gn»ater  than  that  of  water,  T«»rrie«'lli  argut 
if  tin*  force  imputed  in  the  altlmrn^nee  nt*  a  vat-uuni  emild 
a  column  r»f  water  1<)  np'tn'**  lii'jli.  it  enuM  nnlv  «>n^tain  a 
of  niereurv  V\k  time**  lower,  or  alnint  T«'»  e.  ni.  liiu'h.     Tl 
the  f«)llowiiig  f*x|M*riment.  wliirh  ha*i  siiiee  lN«oonie  so  c» 
in  the  liiMorv  i»f  !*«i«*ncv. 

Torrieelli  took  a  lonjr  tdass  tuiM>.fi{M*n  at  t»ne  en*l.  su 
Fiir.  -.M»,  an«l,  having  tilh*ti  it  witli  ni«T«*nry.  iIommI  iIh- 
with  his  thumb,  and,  inverting  tli«*  tul»e,  plunged  thi 
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in  of  mercury..    On  removing  Lis  thumb,  the  mercury,  in- 

I  of  remaining  in  the  tube,  fell,  as  he  expected,  and  after 

r  oscillations  came  to  rest  at  a  height  of  about  76  c.  m. 

3  tJie  level  of  the  mercury 

le  basin.    The  correctness 

i  induction  having  been  thus 

itetely    verified,     Torricelli 
discovered  the  real  nature 

e  force  whicli  sustained  both 

fater  in  the  pump  and  tlie 

ury  in  his  tube. 

lis    experiment     excited    a 
sensation   among   the  sci- 

c  men  of  Europe  ;  but,  as 

t  have  been  expected,  the 

.nation  given  of  it  by  Torri- 

was  very  generally  rejected. 

IS  opposed  to  a  loag-cstab- 

1  dogma,  and  Nature's  lior- 

if  a  vacuum   could  not  be 

isily  overcome,     Tlie   celc- 

d   Blaise   Pascal,   however, 

he  sagacity  to  perceive  the 
of   Torricelli's   reasoning, 

devised    an    experimentum 

s  which  put  an  end  to  all 

ovcrsy  on  the  subject.     "  If," 

it  of  the  atmoBplicrc,  under  which  we  live,  tliat  supports  tlio 

in  of  mercury  in  Torricelli's  tube,  we  sliall  find,  by  iraiis- 

ig  this  tube  upwards  in  tlie  atmosplicrc,  tliat  in  )ii'opoi'tioii 

leaves  below  it  moi'c  and  more  of  tlie  air,  and  tias  couso- 

Jy  less  and  loss  above  it,  tliere  will  bo  a  less  column  sus- 

1  in  the  tube,  inasmuch  as  the  weight  of  the  air  above  the 
wliich  is  declared  by  Torricelli  to  be  the  force  wliicli  sus- 
it,  will   be  diminished  by  the  increased  elevation  of  the 

'  *     Accordingly,  Pascal  carried  the  tulie  to  the  top  of  a 

h-stceple   in   Paris,  and  observed   that  tlie  lieight  of  the 

iry  in  the  tul>e  fell   sligiitly ;  but,  not  satisfied  with  this 


lid  Pascal,  "  it  be  really  the 


*  Lardncr'i  IlanJ-Book  of  Natural  Pbitosopbj. 
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result,  ho  wrote  to  his  brother-in-law,  who  lired  ne^r  tlie  hifh 
mountain  of  Puj  de  Dome,  in  Auvcrgno,  to  make  the  experiment 
ilicrc,  where  the  result  would  bo  more  decisive.  **  You  see/'  lie 
writc9, ''  that  if  it  happens  that  the  height  of  the  mercury  at  the 
top  of  tlie  hill  bo  Icbs  tlian  at  the  bottom,  (which  I  have  man? 
rcaM)ns  to  liclievc,  though  ail  those  who  have  thouglit  about  it 
arc  of  a  dilTerent  opinion,)  it  will  follow  that  tlie  weight  and 
prcs.*«urc  of  tlie  air  arc  the  solo  cause  of  this  suspension,  and  not 
tJie  horror  of  a  vacuum :  since  it  is  rery  certain  that  there  is 
more  air  to  weigh  on  it  at  the  bottom  than  at  the  top;  while  we 
cannot  sav  that  Nature  abhors  a  vacuum  at  the  foot  of  a  mono- 
tain  more  than  on  its  summit.**  M.  Perrier,  Pascal's  cor- 
res|Nindent,  made  the  observation  as  he  desired,  and  found  a 
difference  of  nearly  eight  centimetres  of  mercury,  **  which/'  be 
replies,  ^'  ravished  us  with  admiration  and  astonishment/'  * 

Pascal  htill  further  varied  and  extended  the  original  ex|ieri- 
ment  of  Torricelli,  and  deduced  the  theory  of  the  c<|uilibrium  of 
liquids  and  gases,  which  he  left  almost  perfect. 

( ir>8. )  Theory  of  the  Barometer.  —  It  is  hardly  necessary 
to  state  that  the  tul>e  of  Torricelli  is  the  instrument  which  b 
now  so  well  known  as  the  Barometer.  This  name,  indeed^  is  de> 
riveil  fnim  two  Oreek  words,  fiapv^  and  ^rpop^  which  indicate 
its  use  as  a  measure  of  tiie  pre^sure  of  the  air.  The  theory  of 
the  baniUieter  can  l»e  reailily  d4*duee<l  fnmi  the  priiieipli^  of  the 
e<]uilibriuin  of  fluids,  aln>ady  establislied.  The  nirnrury  is  sus- 
tained in  tlie  IuIk*  by  tlie  pn*ssure  of  the  air  on  the  surface  o( 
the  nuTrurv  in  the  Imsin.  Let  us  consider  how  much  of  this 
pn»ssun»  is  effective  in  pnHlueing  the  n*sult. 

Coiisiiler,  llieii,  a  section  made  across  the  tul»e  at  the  li*\vl  of 
the  meri'ury  in  tin*  basin.  All  the  liquid  Inflow  this  b»vi.'l  i»  evi- 
dently in  e<|iiilil»riuin  (l^^O  and  VM).  RrprcMMit  the  an^a  of 
the  rurtaei*  of  tlitr  nien*urv  in  the  basin  bv  >' ,  and  that  of  the 
mN*tiou  \t(  the  tuU*  by  >'.  TImj  pn»ssun»,  /  ,  exerted  by  the  air  on 
S\  is  transmitted  thnm^li  the  liquid  mercury  to  >'.  The  pn*ssun* 
thus  ex«*rted  on  the  und«T  fae»»  of  tb<»  Motion  will  \^\  by  [77],  as 
maiiv  tinit's  le«s  than  /'  as  >'  \>  b'>j»  than  N  ,  or  ^  :  ^   =  N  :  i? , 

* 

nl  ^  =  /   \.    For  example,  if  >*  =  1<X)*\  m*  and  *^  =r  1  w.  iu:\ 

•  WlK«rn'iIltftur7ortlMli»attrtiv«SckiuT«.  Vol   II    pp  €?.«<«. 
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then  Sssf*Ytif*  The  pressure,  therefore,  which  is  exerted 
by  the  air  on  the  lower  face  of  this  section  is  the  same  as 
that  it  would  exert  if  Applied  directly  to  the  section  itself. 
As  this  pressure  just  sustains  a  column  of  mercury  whose 
height  we  may  represent  by  JJ,  it  is  evidently  just  equal 
to  the  pressure  exerted  by  this  column  on  the  upper  side 
of  the  same  section.  But  by  [78]  this  pressure  is  equal  to 
H.  S .  (^Sp.Gr.^.  Substituting,  then,  for  Sp,  Gr.^  the  value  for 
mercury  at  0®,  or  13.596,  we  have  for  the  pressure  of  the  air  on  a 
given  surface,  Sj  the  value, 

S  =  13.596  .S.H,  [95.] 

in  which  H  denotes  the  height  of  the  mercury  in  the  barometer 
at  0^.  For  any  other  height  we  should  have  £'  =13.596 .  5  .  if', 
a!nd,  comparing  the  two  equations,  we  obtain 

S:r  =  H:  H'\  [96.] 

that  is,  the  pressure  of  the  air  on  a  given  surface  is  proportional 
to  the  height  of  the  barometer  column.  We  may,  therefore,  use 
the  height  of  the  barometer  as  a  measure  of  the  pressure,  in  the 
same  way  that  we  use  an  arc  as  a  measure  of  an  angle,  or  weight 
as  a  measure  of  mass.  The  height  is  not  the  same  sort  of  quan- 
tity as  the  pressure,  but  it  is  sufficient  for  any  measure  that  it 
should  be  proportional  to  the  quantity  measured.  It  is  there- 
fore customary  to  speak  of  the  pressure  of  the  air  as  amounting 
to  so  many  centimetres  of  mercury  ;  meanhig  thereby,  tliat  it 
will  support  a  column  of  mercury  of  that  height.  The  use  of 
the  barometer  is  not  confined  to  measuring  the  pressure  exerted 
by  the  atmosphere.  We  may  use  it  for  measuring  the  pressure 
exerted  by  any  gas ;  and  here,  as  before,  we  speak  of  the  pres- 
sure as  amounting  to  so  many  centimetres  of  mercury.  When 
the  pressure  is  equivalent  to  seventy-six  centimetres  of  mercury, 
we  say  that  it  is  equal  to  one  atmosphere.  When  two,  tliree,  or 
four  times  as  great  as  this,  we  say  that  it  is  equal  to  two,  three, 
or  four  atmospheres. 

It  is  always  easy  to  reduce  pressure  expressed  in  centimetres 
of  mercury  to  weight.  For  this  purpose,  it  is  only  necessary  to 
substitute  in  [95]  the  values  of  H  and  S  in  the  given  case,  and 
the  result  will  be  the  amount  of  pressure  in  grammes.  For  ex- 
ample, in  the  air  the  height  of  the  barometer  column  is,  on  the 
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average*  7G  c.  m.     Substituting  this  value,  and  also  for  5, 1  ^-m-V 
we  obtain 

S  =  1,038.296  gram. ;  [97.] 

which  is  tlie  pressure  exerted  by  the  atmosphere  on  ercnr  fquarc 
centimetre  of  siurface.  The  height  of  the  barometer  column  varui 
on  the  iiurface  of  the  eartli  fnun  a)K>ut  72  c.  m.  to  78  c.  m.,  bihI 
iience  tlie  pressure  on  the  s<|uare  centimetre  varies  from  97H.*J 
grammes  U)  1,060..')  grammes.  Tlie  total  pressure  exerted  bj  tl.c 
atmosphere  on  large  objects  is  therefore  exceedingly  great ;  that 
on  a  man  of  ordinary  stature  amounts,  as  already  stated,  to  aliuut 
li>,OuO  kilogrammes. 

Having  studied  the  theory  of  the  barometer,  we  will  now  ex* 
amine  a  few  of  the  most  usi'ful  forms  of  the  instniment,  pn^ 
mising  that  the  essential  parts  are  a  tube  over  scventy->ix 
centimetres  long,  a  basin  of  mercury,  and  a  graduated  scale 
for  determining  the  height  of  the  column. 

(liVJ.)  Ri*^na%dCs  liaromrier.  —  The  simplest  and  mo>t  accu- 
rate form  of  the  barometer  is  the  one  represented  in  Fig.  2»>\ 
whicli  was  invented  by  Regnault.  The  Imsin  of  mercurr  it 
formed  by  an  iron  trough,  which  is  divided  by  a  [ttrtition  into 
two  |»arts;  but  the  partition  does  not  rise  to  the  top  of  the  trougli. 
and  is  covered  by  the  mercurv  which  fills  the  Iwisin.  The  liasin 
is  sup|M)rted  (»n  a  shelf,  attached  to  the  lower  fiart  of  a  wihhIou 
plank,  to  wliich  tht»  ghi>s  tuU»s  an*  securely  fa^tcne^l  by  m^'uns 
of  clam|»s.  Tiiis  plank  is  its4*lf  immovably  fa>tened  to  a  brick 
wall.  The  barometer  tul»e  at  tite  left  of  the  figure  di|»s  into  tlie 
left-hand  cnni|i;irtnient  of  the  trough.  The  tul»e  on  the  ritrlit  !« 
called  a  mantnnrtrr^  and  its  use  will  soon  U*  explainiNl.  Tlie 
height  of  the  mercury  in  the  barometer  is  measuriMl  by  nl«^nn^  of 
the  catlietom«*ter,  n^proenteil  on  the  right-hand  side  of  the  ti;;- 
ure.  which  is  placed  on  a  finn  sup|M)rt  in  fn»nt  of  the  in>trumriit. 
In  onler  to  obtain  the  niea>ure  with  the  gn*atest  |»o»ible  aciu- 
racy,  a  vertical  M»n'w,  3/,  with  two  |H)iiits  and  of  a  known  h*i;gth, 
is  attached  to  tin*  basin,  as  reprf>riite<l  in  the  figurt*.  At  the  mo- 
ment of  ol»M»rvation,  we  lower  the  screw  by  turning  it  i»n  it»  axi» 
until  the  hiwer  i>oint  ju>t  tourhrs  tli«'  mercury.  This  contact  can 
lie  obtained  with  the  m<»st  |M*rfi*ct  pnH*isiiin,  for  until  it  take*>  place 
tlw  iib«MTver  MH»^  at  the  >ame  tim<»  the  |M)int  and  its  imag««  r\*tlect- 
cd  by  the  mercury.     The  two  seem  to  approach  each  other  until 
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contact  is  attained,  and  the  surface  of  the  mercury  is  seen  de- 
pressed the  moment  this  point  is  passed.    The  contact  obtained, 


we  measure  tlie  distance,  vith  the  cathetomcter,  between  tlie 
upper  surface  of  the  mercury  in  the  tube  and  tlie  upper  point  of 
the  screw,  and  we  have  only  to  add  to  this  length  the  known 
length  of  the  screw.  Of  all  barometers  this  one  is  the  simplest, 
and  of  all  methods  of  measuring  the  height  of  tlie  column  the 
one  just  described  is  the  best.  We  thus  measure  directly  the 
vertical  height,  and  it  is  no  matter  whether  the  instrument  is  in- 
24' 
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dined  or  not.  We  thus  aroid  instrumental  emn  ;  and,  won- 
over,  with  a  good  catlu-tomctcr,  the  difference  of  level  can  U 
dutvrniiued  within  thu  fiftieth  port  of  a  milliuietre. 

(ir>0.)  Baromeirr  of  FvrliH.  —  It  is  not  always  poaaible  to 
fix  a  barometer  |>crmaneutty  lu  a  wall  in  the  way  just  described. 
Fur  example,  iu  using  Uio  itutruoeut 
for  measuring  tlie  heights  of  moun- 
tains, it  is  Dcccssary  that  it  should  he 
jwrtablo  :   and  witliout   dimini»hiuf[ 

9.  |-~^^H  materially  tlio  accuracy,  it  is  impor- 

^^H  taut  to  simplify  the  metliod  of  meas- 

uring the  licight  of  the  mercury 
column.  The  barometer  of  Portia 
(Pig.  ^01)  satitifies  completely  all 
these  [vi)uiremcnls.  Tlic  glass  tube 
is  enclosed,  for  protectiou,  in  a  hraM 
case,  towards  tlie  upper  |tart  of  which 
two  longitudinal  o- 
penings  arc  provided 
opposite  to  each  oth- 
er fur  observing  the 
height  of  the  mcrcu- 
ry  culurnit.  by  uioaii» 
uf  a  M'ulc  pnfluati^ 
un  thf  ca.-*'.  a.i  rvj>- 
n-N-nti'il  in  Fijr.  '>'•-■ 
A  vernier,  ti  C,  mov-t 
lip  and  down  in  tho 
o|ii>niiig.  and  it."  [■>■ 
sition  can  be  caiv- 
fully  n-gulaltnl  by 
means  uf  the  m'k 
and  [linion  work  rfpn-^cntivl  in  l\u-  fiunrc.  To  the  lower  end  i>( 
the  caw"  i«  fii't.'in'il.  by  a  M-n'w,  tb<-  n'>or»'oir  uf  mervury,  in 
whicli  the  slaw  iiiU'  ili)is,  as  n-pn-M-uU-d  in  Fip.  :>W.  Tbi» 
n-!UT\«ir  i>  fumii-d  priin-iiwlly  by  a  cyliini.r  "f  pla.->s  cemented  at 

Ih>iI |h  to  wiMxb-n  •<.i|>s  ^u^n<»lnl<■<l  by  bru>H  mountinpi,  which 

la>l  nn-  k.-pi  in  pbn-  by  ibnf  binu  hti'wn  (Fij!. '^Jl).  Tlie 
liotl.ini  of  the  n-M-rroir  i-  f<irnii-d  by  a  h-atliern  Ufr.  m  m  <  F)|;- 
•Jtiii ).  which  can  bo  raised  or  lowered  by  the  scrvw  C.     To  iW 
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corer  of  tbe  cylinder  is  listened  an  ivorj  pin,  a,  whose  point 
corresponds  exactly  to  the  zero  of  the  scale  graduated  on  tlie 
case.  The  reservoir  is  closed  above,  also,  by  a  leathern  cover, 
finnty  tied  both  to  the  glass  tube  and  the 
Tooden  cap,  wliich,  while  it  prevents  the  mer- 
cury from  escaping  wimii  the  barometer  is 
reversed,  nevertheless  gives  free  passage  to 
tlie  air.  All  the  parts  of  the  reservoir  arc 
rcpresonted  in  Fig.  2&4,  in  perspective,  un- 
screwed and  inverted. 

In  using  tiiis  barometer,  it  is  first  suspended 
by  tlie  ring  C,  so  tliat  tlie  instrument  may 
swing  freely,  when,  like  a  plumb-lino,  it  will 
come  to  rest  with  tho  scale  perfectly  vertical. 
Next,  the  level  of  the  mercury  in  the  reservoir  is 
brought  to  correspond  with  tho  point  of  tlie 
ivory  pin,  by  turning  the  screw  C  (Fig.  263)  in 
one  direction  or  the  otiier.  This  coincidence 
can  be  attained  with  great  accuracy  in  the  way 
already  described  in  tho  last  section.  Since 
the  level  of  tho  mercury  in  the  basin  now  co- 
incides witli  tho  zero  of  tho  scale  graduated  on 
the  brass  case,  it  only  remains  to  read  off  the 
height  of  tho  column  of  the  mercury  in  the  tube 
by  means  of  the  scale  at  its  side.  For  this  pur- 
pose, the  vernier  is  raised  or  lowered  by  means 
of  the  thumlvscrow  until  its  lower  edge  is  just 
tangent  to  the  convex  surface  of  tho  mercury 
in  the  tnbe  (Pig.  262).  Tbia  adjustment  can 
also  be  obtained  with  great  accuracy  by  sus- 
pending tbe  barometer  in  front  of  a  light  wall, 
sighting  across  the  front  and  back  edge  of  the 
brass  tube  carrying  the  vernier,  which  moves  rig-sei. 

within  the  brass  case  of  tho  instrument.     It 
only  remains,  then,  to  read  on  the  scale  the  position  of  the  ver- 
nier, to  obtain  the  height  of  the  barometer  within  a  tenth  of  a 
millimetre. 

A  groat  advantage  of  this  form  of  barometer  is  the  facility  and 
safety  with  which  it  may  be  transported.  By  raising  tlie  screw  C 
sufficiently,  tlie  whole  interior  of  tho  tube  and  reservoir  may  bo 
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filled  with  mercury,  uid  tlicn  tlio  iiielrument  maj  be  tercncd 
and  traiivportcd  rrom  place  to  place  without  daiifcer  ;  and  eveii  d 
the  tul)c  is  acciileiitalljr  broken,  it  is  always  [toesible,  with  a  link 
Kkill,  tu  replace  it. 

A  therniunicter  is  alwavs  attached  to  the  barometer,  tinct 
the  height  ur  the  mercury  cuhunii  varies  f-li(;htly  with  tlie  Md- 
peruture ;  fur  heat,  by  cxi>aiiding  the  mercury,  cliauftcs  »li^lit> 
ly  ita  Rpd-ific  ^'ravily,  and  on  this  the  hcifcht  of  tlte  culgnm 
depciidti.  The  standard  temperature  which  has  licen  ado|rtf<l 
is  0"  C,  and  all  haronictrivul  obM-Tvations  arc  corrected  so  u  lu 
reduce  them  to  the  standunl  tcmjicrature.  A  table  for  appljioe 
this  correction  will  be  found  in  uostrwurka  of  meteorology,*  tnd 
tho  method  of  calculatih);  it  will 
bo  explained  in  the  chapter 
on  Heat.  A  second  correction 
is  also  required  for  capilhirily, 
the  nature  of  which  will  l>e 
explained  in  a  future  Hx-tion. 
Tliis  correction,  liowercr,  is  a 
constant  qnanlitr  for  the  »tnie 
instrument,  and  U  pi'iieniUy 
allowed  for  by  the  instninient- 
mukiirt  in  ailjusliii)^  the  m-uIc 
of  the  histrunient. 

(lt;i.)  Ciimmon  Jiaromitrr. 
—  II;ivii,jid.-MTiU-.i  Bt  l.iiL'th 
the  two  ni<i-(  UH'fiil  nii<)  iiriii- 
rat«'  fiirnis  of  t\n-  l>ari»iwii.r,  it 
will  not  Ih-  ni-i't'»ury  to  do 
m<in>  than  ullii<l>-  to  ihi'  nn- 
mcnius  ni<Hliru-aliiiii>  of  tin- 
instrument  wbii-ii  b:iv<-  lut-u 
devixHl  by  (;uy-l,u»u.-  ami 
otluT  pliy-iri-is,  for  the  pur- 
[■oc  of  oi'viuiiiitr  the  rurn-i-- 
tion  for  lupiHurily.  TIm-v  nill 
N>  found  .b-MTilH-d  u<  b'ii:.'ih  i 
A  vi-ry  I'onnnoii    furni  of  bnnnu 
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weatlier-itidicator,  is  represented  in  Fig.  265.  The  glass  tube 
has  the  form  of  a  siphon,  as  represented  iii  Fig.  266.  When  the 
mercury  falls  in  the  barometer,  it  must  of  course  rise  to  a  pro- 
portional height  in  the  short  arm  of  the  siphon,  and  it  raises  a 
float  resting  upon  it.  This  float  is  fastened  to  a  cord  which 
passes  round  a  wheel,  O,  and  is  attached  to  a  weiglit,  P,  on  the 
other  side.  The  motion  of  the  float  tims  communicates  motion 
to  the  wheel,  and  tliis,  in  its  turn,  moves  the  index  over  the  dial- 
plate  of  the  instrument.  Such  barometers  admit  of  uo  precis- 
ion, and  are  of  little  value  except  as  ornaments. 

A  variety  of  barometer  depending  on  the  laws  of  elasticity 
IiBs  already  been  described  (104),  and  is  represented  in  Fig.  267. 
Anotlicr  form  of  barometer,  dif- 
ferently coMstnicted,  but  depend- 
ing on  the  same  principle,  is  the 
aneroid'  barometer,  invented  by 
M.  Vidi.  Both  of  tliese  barome- 
ters, on  account  of  their  small 
volume  and  the  absence  of  any 
fragile  matenal  in  their  construc- 
tion, arc  very  portable.  They  are 
very  sensible,  and  more  regular 
in  their  indication  than  tlic  com- 
mon mercury  barometers,  especial- 
ly when  tlic  differences  of  pressure 
arc  not  great ;  but  tliey  cannot  Ikj 
relied  upon  wliere  liigli  scientific 

accuracy  is  required.  They  can,  however,  be  highly  recom- 
mended as  common  house  or  ship  barometers.  Since  the  elas- 
ticity of  the  metal  of  these  barometers  is  liable  to  change  with 
long  use,  it  is  important  to  adjust  the  instruments  from  time  to 
time,  by  comparuig  them  witli  a  standard  mercury  barometer. 
In  case  of  disagi-eemcnt,  they  can  easily  l>e  made  to  accord,  by 
turning  a  screw  provided  for  the  purpose. 

(16^,)  Uses  of  the  Barometer,  —  The  barometer  is,  without 
(Question,  one  of  the  most  useful  instruments  in  the  hands  of  the 
clicmist.  The  volumes  of  the  gases  on  which  ho  experiments 
are  liable  to  considerable  variations,  depending  on  changes  in  the 


*  From  d  and  Mfxtt,  mlhoat  meiiturt,  i 
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pressure  of  tho  atmosphere ;  the  boiling  points  of  liquids  tit  ib« 
materially  influenced  by  them ;  and  it  is  therefore  essential  to 
observe  the  lieight  of  the  barometer  at  each  experiment,  and  to 
correct  the  results  by  reducing  them  to  that  which  vould  k»T« 
been  obtained  had  the  Imrometer  stood  at  76  c.  m.  at  the  tine  of 
observation.     Thesse  uses  of  the  barometer  will  all  bo  expliioed 
in  future  sections  of  this  volume,  and  it  is  not  therefore  noon* 
sary  to  dwell  ufion  them  here.     As  a  meteorological  in^truulfut, 
the  barometer  is  the  most  important  means  of  investigating  the 
laws  of  the  changes  which  arc  conhtantly  taking  place  in  the  it- 
tuosphere,  —  a  problem  which  is  of  the  greatest  interest  to  maih 
kind.     This  atmosphere,  as  has   been   already  stated,  may  be 
regarded' as  a  great  liquid  hca,  and  its  waves  arc  coustajitly  mil- 
ing  over  our  heads.     When  the  crest  of  one  of  its  immense  tidal 
waves  is  over  the  barometer,  the  instrument  rises,  and  when  the 
depression  follows,  tho  barometer  falls ;  and  thus,  by  watching 
the  height  of  the  mercury  column,  we  are  able  to  foHow  changes 
in  the  atmosphere  which  would  other^'ise  escape  notice.     For 
many  years  the  height  of  the  barometer  has  lieen  regi>tered  ai 
stated  hours,  night  and  day,  at  a  large  numlter  of  meteorohtgit^al 
stations  all  over  the  world  ;  and  although  but  few  general  n^nlu 
have  l>een  obtained,  vet  sufTicient  has  l>een  learned  to  warrant  us 
in  ex|)ecting  much  in  the  future. 

The  mean  hei^^ht  of  tlie  barometer  during  a  year  at  any  one 
place  is  constant  ;  liQt  it  varies  at  diflfrrent  latitudes,  gradually 
increasing  fn»m  the  rquator  t(»  the  thirty-sixth  fMiralld,  and  thence 
diniini>liing  to  tlio  |h»Ii\  I>uring  the  same  day,  the  liaromotfr 
undiTg<H»s  vtTy  n';:ular  osrillations,  wliioh  are  gTeate>t  at  i\te 
e<|uator.  Acmnlin^  to  IIumlK>l(it,  at  the  equator  there  are  two 
maxima,  at  U*i\  oV-hx^k,  morning  and  4*voning,  and  two  minima, 
at  four  o*rlo<*k,  ni<»rninir  and  cvi^ning :  tli<'  amplitude  of  the  os- 
cillation during  tin*  day  amountin^r  to  *J.*V»  m.m.,  but  that  during 
tlii^  night,  fn»ni  four  i»\*bM-k  in  tin*  rvonintr  to  four  o'clock  in  tlie 
morninL''.  iH'inir  only  n>4  m.  m.  Th«»  same  oscillatiiuis  are  n*v 
tircil  all  over  tin*  torrid  zi»ni* ;  but  in  the  tiMup«»rale  zone  tlM»r 
have  a  b's«*  amplitude,  and  an'  more  masked  by  accidental 
cliangt'H.  Itiit  n»»vertheb»*»»*.  l-y  ri»ntf>arini;  the  means  of  a  large 
numlN'r  of  oliMTvations  contmueij  during  a  long  interval,  tliey 
can  1h«  deteeted.  and  iiearlv  at  the  same  hours.  It  has  l*eeu 
further  diM'over<*d  that  their  amplitude  is  variable,  being  greater 
in  summer  than  in  winter. 


THE  THREE  STATES  OF  MATTEB.  287 

Besides  these  regular  oscillations,  the  barometer  in  temperate 
climates  is  liable  to  apparently  irregular  changes,  produced  bj 
storms  in  the  atmosphere.  As  a  general  rule,  it  may  be  stated 
that  during  fair  weather  the  barometer  is  high,  while  it  is  gen- 
erally very  miich  depressed  during  a  rain-storm.  So,  also,  a 
sudden  fall  of  the  barometer  usually  indicates  the  approach  of  a 
storm ;  and,  on  the  other  hand,  the  clearing  up  of  a  storm  is 
frequently  preceded  by  a  rise  in  the  mercury  column.  Hence 
one  of  the  most  valuable  uses  of  the  instrument,  in  forewarning 
tlie  navigator  of  the  approach  of  a  storm.  Those  who  have 
studied  the  indications  of  the  barometer  know  that  they  are  fre- 
quently at  fault,  and  that  they  arc  only  probably  correct.  It  is 
hardly  necessary  to  add,  that  the  words  "  Pair,"  "  Raiiiy,"  etc., 
which  are  frequently  placed  against  certain  points  of  the  scale 
of  common  barometers,  have  no  further  foundation  in  fact  than 
what  has  just  been  stated,  and  are  therefore  simply  useless. 
Sufficient  has  now  been  said  to  show  the  importance  of  baromet- 
ric observations  in  meteorology,  and  we  must  refer  to  the  works 
on  this  science  for  the  details  of  the  subject. 

Mariotte^s  Law, 

(163.)  Statement  of  Marioite^s  Lata. — We  have  already  stated 
that  gases  obey  a  special  law  of  compressibility.  Tliis  law  was 
discovered  independently  by  the  Abb6  Mariotte  in  France,  and 
by  the  famous  English  philosopher  Boyle,  during  the  last  half 
of  the  seventeenth  century.  It  may  be  thus  stated:  The  vol- 
ume  of  a  given  weight  of  gas  is  inversely  as  the  pressure  to 
which  it  is  exposed;  that  is,  the  greater  the  pressure,  the  smaller 
is  the  volume,  and  the  less  the  pressure,  the  larger  is  the  volume. 
This  may  be  illustrated  by  an  India-rubber  bag  holding  one  litre 
of  air  or  any  other  gas.  This  is  exposed  to  a  pressure,  under  the 
ordinary  conditions  of  the  atmosphere,  of  a  little  over  one  kilo- 
gramme on  every  square  centimetre  of  surface.  If  this  pressure 
is  doubled,  the  volume  of  the  bag  will  be  reduced  to  one  half;  if 
trebled,  to  one  third,  etc.  On  the  other  hand,  if  the  pressure  is 
reduced  to  one  half,  the  volume  will  be  doubled  ;  if  to  one  third, 
the  volume  will  be  trebled,*  etc.  Tlie  principle  is  expressed  in 
mathematical  language  by  the  proportion, 

r  :  V  =  H'  :  H,  [98.] 

*  We  suppose  the  bag  to  have  no  elasticit}*. 


288  CHEMICAL  PHTSIC8. 

in  which  //and  //'  are  the  heights  of  the  barometer  which 

ure  the  presKuro  to  which   the  gas  is  exposed  under  the  two 

conditions  of  vuhime  V  and  K'. 

It  Tollows  from  [o^],  that  the  density  of  a  given  weigtit  of 
gas  is  inversely  as  tlio  volnnio,  or  V :  V'  tss  ly  :  D;  and  I»t 
comparing  this  proportion  with  the  last,  we  obtain 

D  :  I>  =  II  :  11;  [90.] 

or  the  dcnsitj  of  a  gas  is  proportional  to  the  pressure  to  wliich 
it  is  exposed.  Moreover,  since  the  weight  of  a  given  volume  of 
gas  is  proportional  to  the  amount  of  matter  which  it  contains  <  lU 
density),  and  its  density,  as  just  proved,  pro[K>rtional  to  the  pres- 
sure, it  follows  that  the  trci^ht  of  a  /firm  volume  of  pas  is  direeUy 
as  the  pressure  to  trhich  it  is  exposed;  or 

W  :  ir  =  //  :  //'.  [100.] 

Tlieso  three  proportions  are  very  important,  and  will  be  con- 
stantly referred  to  in  the  following  pages.  The  student  muvt  be 
careful  to  notice,  that  in  [1^8]  the  weight  of  gas  is  supposed  to 
be  constant  anil  the  volume  to  vary,  and  in  [100]  the  volume  i« 
supfioseii  t«)  l>c  constant  and  the  weight  to  vary.  It  is  unneces- 
sary to  add,  that,  as  the  volumes  of  gnses  vary  al^o  with  tlie 
tem|»erature,  tho  law  of  Mariotte  is  true  only  ^o  long  as  the 
tem|K*rature  rcniainn  con.^itant. 

The  vuriutions  in  the  pressure  of  the  atmosphere,  amountiof 
at  times  to  one  iouih  of  the  wholo,  itocessarily  cause  et)ually  great 
chanircs  in  tlio  volume  of  gases  which  are  the  objects  of  cliemical 
ex(»erin)cnt.  Hence,  in  onlrr  to  compare  togcihcr  difTcrent  vi.J- 
umes  of  gas,  it  is  essential  that  they  hliould  have  lK*en  niea^urvnl 
when  ex|x»sed  to  tlur  same  pressure.  A  standard  pressure  lias 
thert»fore  Immmi  a^rnHMl  uiion,  that  measurt^d  bv  seventv-«ix  ecu- 
timetn*s,  to  whieh  the  volumes  (»f  guscs  measured  under  any 
other  pH'^'Sure  niu^t  always  Iw  n.Mluccd. 

(  1«»4. )  Kj'jprhmrntai  Ilfustration.  —  The  law  of  coroprcfsibil* 
ity  of  gases  may  U*  readily  illustrated  by  the  following  expcri* 
ments.  whieh  wen?  dfvisiMl  |»v  Mariotto  himself. 

For  prrssurrs  i^rr titer  than  the  ntmosphrre^  we  use  \h/t  apptra- 
tu**  reprt*MMited  ia  Fi^r.  -i*"^.  wliirh  consists  of  a  glaaa  tube  beii& 
in  the  form  of  a  siphon,  closed  at  the  end  /?,  and  fastened  to  » 
wooden   supfwrt.     At  the  side  of  each  arm  of  tho  bcul  lubo  i* 
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laced  a  graduated  scale,  the  zero  point  of  the  two  scales  beiog  on 

le  same  horizoatal  line.    The  scale  at  the  right  of  the  long  arm 

idicates  centimetres,  and  measures  the  heights  of  the  mercury 
columns,  while  that  at  the  left  of  the  short 
arm  measures  the  volume  of  confined  gas  tn 
tlie  closed  end  of  the  tube.  In  commencing 
the  experiment,  mercury  is  poured  into  the 
tube  at  the  end  C,  and  by  inclining  the 
apparatus  is  brought,  with  a  little  manipu> 
lation,  to  stand  at  the  zero  point  on  both 
scales.  The  volume  of  air  confined  in 
the  tube  A  B  ia  now  evidently  exposed  to 
the  pressure  of  the  atmospliere,  which  is 
equivalent  to  about  76  c.  m.  of  mercury. 
If,  now,  we  pour  mercury  into  the  tube  C 
until  the  difference  of  level  of  the  mercury 
in  the  tubes  is  76  c.  m.,  the  confined  air 
will  be  exposed  to  a  pressure  of  two  atmos- 
pheres, and  its  volume  will  be  reduced  one 
half,  as  is  represented 
in  the  figure.  If  the 
tube  were  sufficiently 
long,  so  that  we  could 
make  the  difference  of 
the  two  columns  equal 
to  152  cm.,  the  vol- 
ume would  bo  reduced 
"«■■>■  tooncthird.  Werethe 

difference  made  equal 
three  or  four  times  76  c.  m.,  the  volume 

3uld  be  reduced  to  one  fourth  or  one  fifth. 

For  pressures  less  than  an  atmosphere, 

<  use  the  apparatus  represented  in  Fig. 

9,  consisting  of  a  barometer  tube  divided 

to  cubic  centimetres,  and  a  deep  mercury 

itern.  to  the  side  of  which  is  fastened  a 

Ue  divided  into  centimetres  for  meas- 

ing  the  differences  of  level.    The  experi- 

mt  is  commenced  by  filling  the  barom- 

T  tube  nearly  to  the  top  with  mercury, 
25 
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loaring  a  spaco  of  only  ten  cubic  centimetres  filled  with  air. 
The  tube,  lieing  cloM^d  with  the  thumb  and  inverted,  is  ftuak  in 
the  mereurj  cistern  until  the  mercury  in  the  tulie  and  tlic  ci^lcm 
standN  at  the  same  level  and  at  the  tenth  divihion  on  the  tube. 
The  confined  air  in  the  tul)e,  measuring  in  volume  ten  cubic 
contimotres,  is  now  evidently  ex|K>iied  to  the  pres^nro  of  the  at- 
UMWphere,  which  wc  will  su|)|K>se  e<|uivulent  to  Tti  c.  m.  of  mt^r- 
cury.  If,  now,  we  raise  the  tul>e  in  the  reservoir,  the  level  of  llie 
mercury  in  the  tul>e  will  rihc  alK>ve  that  in  the  ci^tcrn,  as  re|>- 
reticnted  in  the  figure.  The  confined  air  is  now  ex|iosed  to  a  U-»9 
pressure  than  70  c.  m.  by  exactly  the  difference  of  level ;  because, 
as  can  easily  be  seen,  the  prc»s>ure  of  the  atmosphere  i»  in  part 
ex|)ended  in  sup|)orting  the  column  of  mercury,  and  only  the  re- 
mainder of  its  pressure  is  exerted  on  the  confined  air.  When, 
therefore*,  the  height  of  the  column  of  mercury  in  tlie  tulie  aliove 
Uie  mercury  level  in  tlie  cistern  is  *M  c.  m.«  the  pressure  on 
tlie  confined  air  is  70  —  88c.m.,  or  one  half  of  an  atmosfiliere, 
and  its  volume  will  be  found  to  have  doubled.  When  the  differ^ 
ence  of  level  is  et|ual  to  f)0.t3G(>-f-  e.  m.,  the  pressure  on  the  cod- 
fined  air  is  70  —  fiO.iiGO-l-  ==  2i>.;l-H  c.  m.,  or  one  third  of  an 
atmosphenN  and  its  V(»lume  will  lie  found  to  have  trebled.  When 
the  dilTonMico  of  level  is  equal  to  r>7  c.  m.,  the  air  is  ex|w>*od  to 
the  pn^^sun*  i>f  only  one  fourth  of  an  atmo^phe^.^  and  itd  volume 
will  U*  found  to  have  quudrupled. 

(!♦»'».)  Iliston/  of  Mariottc's  Ltitr.  —  The  law  of  the  com- 
pre**>il»ility  of  gases,  us  e^tabli^hed  by  Mari«»lte,*  was  for  a  long 
time  HM-fived  us  ul»oluto  and  invariable;  ft>r  although  Boyle t 
and  Mu^sehtMibroek  |  found  that  the  con)pp'>sibility  dinnni>b«^d 
with  the  pn^sun\  on  the  (»ther  bund  Sulzer^  ami  R<»biI)^oll  ' 
found  that  it  inen*nse<l  with  the  prt^ssure ;  and  then^  ob\  iou«>Iy 
inaernmti*  n*sults  do  not  a|>|M*ar  to  have  diminished  the  p'neral 
confiijeiiee  in  the  l;iw.  In  1h*J»»,  Oersted  and  SwrndMjn  ^  rt*- 
|N*ated  the  e\|»«*rini«*nt*«  of  .Mariotte,  extending  their  inve>tigation 

t    Itiii]. '•    iKfi'tio-  of  hi«   I>(Mintir  tuu«hin|*  the  Spring  snd  Wri|^ht  of  the  Air 
WurL*.  Vol    I   if.iIiiO 

I    (our*  il.-  ni«*M|ii<>.  I  Pari*    IT '19  '.  Tom    III    p   143 

\    Mrmtitrr*  (!«•  I'Ai  mli-nii'-  il**  II' rim.  IT%1.  ft   IIA 

!    S%«trm  of  Mrthariiml  l*fiiti»«(tp*i«.  Vol   III    p  CI?      Al*0.  EorrrlnpjrdtA 
ftirtt.  Anirlr  /*»M-«».if|.  •.  Vol    XVI    p    TllO 

^  lldinboryh  Jovrottl  of  bciciKV,  Vol.  IV.  p.  n4. 
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to  pressnrea  of  eight  atmospheres,  and  appareotlj  coafirmed  ttie 
accuracy  of  the  law  ;  for  although  tlie  numbers  they  obtained  iu- 
dicate  a  greater  compresBibility  than  would  accord  with  the  law, 
yet  they  attributed  tlie  differences  to  errors  of  observation.  The; 
afterwards  extended  tiieir  investigation  to  greater  pressures  than 
eight  atmoepheres ;  but  the  method  of  experimenting'  which  tliej 
emplojod  was  too  rude  to  establish  the  absolute  accuracy  of  the 
law,  although  it  was  sufficiently  exact  to  show  tliat  the  law  was 
approxiroatively  true  up  to  very  high  pressures. 

At  the  time  when  Uie  law  was  thus  universally  admitted  as 
absolutely  accurate,  M.  Despretz  f  investigated  the  subject  from  a 
new  point  of  view.  Without  questioning  the  law  in  regard  to 
sir,  ha  merely  sought  to  ascertain  whether  all  gases  obeyed  ex- 
actly the  same  law,  or  whether,  when  submitted  to  the  same 
pressure,  they  indicated  different  degrees  of  compressibility. 
His  experiments  were  conducted  in  the  following  way.  He  took 
a  number  of  cylindrical  tubes,  closed  at  tlie  top  and  of  the  same 
height,  and  filled  one  of  them  with  air,  but  the  rest  with  different 
gases.    These  were  then  arranged  side  by  side,  standing  in  a  res- 


ervoir of  mercury,  and  supported  against  a  graduated  scale,  as 
Represented  in  Fig.  270.     The  apparatus  thus  arranged  was  in- 

•  They  condensed  tbe  air,  by  mean*  of  ■  roire-pamp,  into  Ihc  chamber  of  an  air-Run. 
Then  by  mcanHofa  halanec  they  delennincd  the  weij-lit  of  air  introduoeil,  and,  knowine 
the  Tolnme  of  the  chamber,  they  eauily  calculated  ile  density.  Lastly,  they  dctcnnined 
the  ela«tic  force  of  the  condeiwed  air  with  the  aid  of  a  wafrlg-mlve.  This  valve  was 
Aliased  by  a  wcipht  acting  on  the  arm  of  a  lerer ;  and  in  the  experimentt  (he  weight 
wai  moTFd  aXong  the  arm  nnlil  the  elutic  force  of  the  confined  ^r  nited  tlie  valre. 

t  Ballet,  dea  Science*,  Sect.  I.  Tom.  VIII.  p.  311.  Alio,  Annalea  d«  Chitnie  et  de 
Phyitqae,  S*  Sim,  Tom.  XXXIV.  pp.  339,  448. 
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tnxluccd  into  a  glass  cylinder  fnll  of  water,  similar  to  that  repre- 
sented in  Fig.  271.  This  cylinder  is  connected  with  a  small  funrtv 
pump,  by  which  water  may  l>o  forced  into  it,  and  a  pressure  thus 
exerted  on  the  surface  of  the  mercury  in  the  basin.  Before  c«>iih 
mencing  the  ex|>eriment,  the  level  of  the  mercury  is  made  iJie 
same  in  all  the  tul>e8  as  in  the  basin,  so  that  the  ga»cs  they 
contain  are  submitted  to  the  pressure  of  the  atmosphere.  On 
increahing  the  prer^sure  by  forcing  water  into  the  cylinder,  it  is 
evident  that,  if  tlio  gases  all  ol>eyed  Mariotte*s  law,  they  would 
all  {iufTer  the  stume  amount  of  condensation  ;  for  example,  when 
the  pn'ssuro  hud  reached  two  atmospheres,  the  volume  of  each 
gas  would  l>o  reduced  to  one  half,  and  so  on.  Moreover,  frim*e 
the  tul>eH  are  fierfectly  cylindrical,  an  equal  condensation  would 
be  indicated  by  an  espial  rise  of  the  mercury ;  and  therefore,  if 
the  law  were  general,  the  level  of  the  mercury  would  be  tlie 
same  in  all  the  tul>es,  however  great  the  pressure.  It  is  evident, 
also«  that,  if  the  law  is  not  absolutely  general,  the  apfiaraius  was 
cxc4HMlingly  well  calculated  to  detect  the  discrepancy ;  since  a 
very  slight  difference  in  the  level  of  the  mercury  could  ea>ily  tie 
distinguished.  In  fact,  Despretz  found, on  increasing  the  pressure 
pn»gp*>sivt»ly,  that  the  mercury  n>so  in  each  tul>e,  but  ruse  un- 
e<|ually.  ('arlK>nic  acid  gas,  sul|)hide  of  hydn>gen,  ammonia  gas« 
and  cyanogen,  w«'re  conipress4*d  un«hT  the  same  cinMunstanct^ 
mor«»  than  air,  and  the  difference  int'n'asrd  as  the  pressur\»  was 
augint*iit«'(|.  With  hydn)gen,on  the  t»th«T  hand,  a  contrary  t-lTivi 
was  oliMTVisl.  This  gas  acted  like  uir  until  the  pnrssure  n»>e 
to  fonrtrt'n  atnit»>|»lM*n*s  ;  but  und«T  gn'alrr  |tn»ssure  than  this 
it  was  oninpre>M'd  Irsa  than  air,  and  (*ons(S|uently  maintain<Hi  a 
gn*at«T  volume. 

TlM*se  ex|NTinient«i,  in  which  errors  are  almost  impossiblo, — 
mnce  lh«»  ga.M»*«  an»  |ilnc«*i|  under  id«»ntirally  the  same  conditioti«, 
—  proviMl  that  tin*  law  as  eiionnced  l»y  Mariotte  is  not  uni\ersaK 
and  that  eaeh  gas  bius  a  s|«»cial  law  of  c<»mpressibilily.*  More 
nviMitlv  th«*H»  n**'ullH  have  Immmi  confinned  bv  rouiUrt.f  nho 
ron-tnicl«Ml  an  apparatus  on  a  •similar  prinriple,  by  whirh  he  was 
enabliMl  to  continue  tin*  ox|M'rinHMit  up  to  vrry  great  pn»ssun*s. 

•  o.  r*;>.1.  i''«-  rtt ,  httil  pfT«ioii*ly  ni'thr^l  th«l  •tilfihunm*  a«  til  pa*  «a«  nooilrftw^ 
mnrr  t»i^n  air  mhm  •ti*-rnttt«-«|  t«»  lh<  tmrnr  |.n«»uf  m  an  np|iArmtu«  irnr  •tmiUr  k-  lJ:«t 
f|r«f  ri>«^i|  iiU»vr  ;  hoi  he  mttnhutrd  ihr  pJirnomrn*  »»*•  M»ti.-^'iJ  to  a  |iarti*l  ctmdraiatw* 
of  tli<*  c««  to  •  l»'|«»il.  bikI  n«it  to  a  ilr%iatH>n  ft*>m  Manottc**  law. 

t  r«Haillrt,  Kkmrau  d«  Vhyiqwt,  5*«  cditioo,  Tu«n    I   p.  SS9. 
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The  experiments  of  Despretz  had  proved  that  the  law  of  ilari- 
otto  was  not  general;  but  it  was  still  supposed  to  hold  true  of  air, 
and  of  the  gases  of  which  air  consists.  This  opinion  was  soon 
after  apparently  confirmed  by  the  celebrated  investigation  of 
Arago  and  Dulong  on  the  elastic  force  of  steam  at  high  temper- 
atures, made  under  tlie  direction  of  the  French  Academy  of  Sci- 
ences, at  the  request  of  the  government. 

As  a  preliminary  to  the  main  object,  tliese  distinguished  physi- 
cists determined  the  amount  of  diminution  of  volume  of  at- 
mospheric air  under  increasing  pressure  up  to  twenty-seven 
atmospheres.  The  method  wliich  they  employed  was  precisely 
the  same  as  that  of  Mariotte.  The  volume  of  the  air  was  meas- 
ured in  a  vertical  glass  tube  one  hundred  and  seventy  centimetres 
long,  graduated  into  parts  of  equal  capacity,  and  forming  the  short 
arm  of  an  inverted  siphon.  The  pressure  was  exerted  by  means 
of  a  column  of  mercury  in  a  glass  tube  twenty-six  metres  high, 
forming  the  longer  arm  of  the  siphon  ;  and  it  was  determined  by 
measuring  the  difference  of  level  of  the  mercury  in  the  two  tubes. 

Although  this  a'pparatus  was  precisely  similar  in  principle  to 
that  of  Mariotte,  it  was  a  vast  improvement  upon  it,  and  would 
stand  in  the  same  relation  to  Mariotte's  simple  tube  that  a  mod- 
ern chronometer  does  to  a  common  watch.  If  we  had  space,  it 
would  be  interesting  to  describe  the  apparatus  in  detail,  in  order 
to  illustrate  the  advance  which  was  made  in  experimental  science 
during  the  century  and  a  half  which  had  elapsed  since  the  death 
of  Mariotte  in  1684 ;  but  we  must  refer  the  student  to  the  origi- 
nal memoir,*  which  was  presented  to  the  French  Academy  of 
Sciences  on  the  30th  of  November,  1829. 

Arago  and  Dulong  made  three  different  series  of  observa- 
tions. In  each  they  commenced  with  the  gas  in  the  measuring- 
tube  under  the  pressure  of  an  atmosphere,  and  condensed  it 
progressively  by  increasing  the  column  of  mercury  in  the  long 
tube  until  it  attained  the  height  of  several  metres  ;  and  after 
each  increase  of  pressure  they  measured  the  volume  of  the  gas 
and  the  difference  of  level  of  the  mercury  in  the  two  tubes. 
In  one  of  these  series  of  experiments,  the  temperature  of  the  gas 
was  kept  constant  (at  13®)  during  the  whole  time,  and  the  pres- 


*  M^moireB  de  1' Academic  dcs  Sciences,  Tom.  X.  ;  and  Annates  do  Chimie  et  de 
Physique,  2*  S^rie,  Tom.  XLIII.  p.  74. 
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turo  increased  to  twcnty-noTeii  atmospheres.     It  wms  the  Iw^t 
of  the  throe,  and  wo  have  copied  tlio  results  iu  the  foUoviof 


table  :  — 

l*TMMiiv  In 

Atja(>-i>li«-rt«. 

luJUr.) 

rw— uw>  la 
M«rrttr}r.        | 

VoluoM 
ObMrvt-O. 

Tolas* 
Cmknim»mL 
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i'^" 
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76.000 
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1 

•                  ■^ 
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4.91 
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5.00 
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-^0.254 
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H2.2>6 

H2.3tM 
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76.193 

4  0.094 

0.0013 
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578.734 
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^0.201 

0.OOM 
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44.325 
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37.^51 
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-r  0.341 

041071 

1       16.&0 

1,262.0(K) 

30.119 

30.193 

♦0.073 

.      0.0021 

17.00 

1.321.506 

2S.66I 

24.770 

^0.106 

0.0037 

lO.OJ       . 

1,466.736 

25.-M5 

25.978 

i'0.093 

O.OQM 

JI.TO 

M%3.490 

22.964 

23.044 

•»^0.07« 

0.000 

1       21.70 

1,65*<.410 

22.»79 

1        22.972 

•^0.0»3 

OUMMO 

!       24.00 

M13.!^50 

20.517 

20.665 

'^0.114 

O.OOM 

26.50 

2,023.666 

l!).833 

14..472 

+  0,039 

0.0030 

.       27.00 

2,«M*».*»6'' 

14.525 

18.544 

-0.063 
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The  fir>l  cohiinn  jrivcs  iho  pn*4t!ure  approxiiiiatively  in  ainM*- 
ph«»n»s  (Mjual  each  to  M»viMity-six  mitiineln.»s  of  iiifivury.  Tlie 
second  irivrs  th«»  <»x:u*t  p^»^^un^  an  ol»iTVi.Hl  hy  in<*aMini:i;  th«» 
din'fn'iK'e  *»!'  l'*vrl,  und  Mil»**o<|ueiitly  rorn*rt»»d  for  ti'iii|»i*ratiin^ 
and  lh«»  roiii|in»il»ility  *»f  in«'rcury.  Tho  ihinl  coltiiiin  irivo* 
the  oI>mtv(.m|  viiliimo  «»f  jr:is  in  the  ini*aMirinjr-lulH.»  iiiidi*r  llio 
pvfii  prr*.^ur'',  wliii'ii  w:lh  k«"pt  at  ihe  same  t4'iu|M*nitun»  dur- 
in'pT  tho  vhi»l«»  mtIi's  of  oxjHTinn*iits.  Tli«»  fourth  ooluiiin  iriv*-^ 
thr  vohiim*  \ihi(*h  lh«' pis  wunhl  havi»  uiid«T  tlir  jrivon  pn'^^^'Urt? 
if  Mariottc's  law  wi-n-  al>M»hit»*lv  iruo.     The  fifth  coluiiin  in*!** 

• 

iho  dilT«*n'no»  lH't\i«M»n  iIm»  ol»>«Tvi'tl  and  calruhiUni  %ohiiiir%. 
.\iid,  finally,  tin*  >i\lii  n»l(iinii  ^nvrs  tlio  pro|Mirtiun  of  th«><*  dif- 
r;n»no»s  to  the  ol»srr\r.l  \i»hiin(*.  It  will  Ik;  iioticiMl  that  tlif  *l:f. 
frrrnrt's  anr  in  all  raM-*  %ory  Miiall,  Mdd(»in  ^^nMitor  than  ono  twiv 
huiidn^dth  of  tlio  oltM^rviMl  \iilnnK*,  and  fpHpifntly  alnio>t  iiothinc- 
MopHiviT,  it  will  al*>o  Im»  iiotiord  that,  altht»ni!h  the  «lilT(*n*n<*i*ik  arv 
always  in  lh«»  saino  tlirrt-iinn,  indiratinu:  in  ovi»ry  ca«>i.»  a  jrn'atiT 
coinpri*>««ion  than  that  n'^iuirtMi  hy  Mariott<**!i  law,  yet  the  prtitmr- 
tiun  of  thcM:  diflereiices  to  the  oliM.'rvcd  volume  docs  not  iucrvaiO 
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with  the  pressure,  as  would  naturally  be  expected,  if  tliey  were 
owing  to  an  actual  deviation  from  the  law. 

As  in  any  investigation  of  natural  phenomena  it  is  impossible  to 
measure  quantities  with  absolute  accuracy,  a  limited  amount  of 
error  in  the  observations  is  to  be  expected ;  and  since  the  differen- 
ces just  mentioned  are  very  small,  it  was  natural  to  concfiide  that 
they  would  have  disappeared  if  the  measurements  could  have  been 
made  with  absolute  accuracy.  So  concluded  Dulong  and  Arago, 
and  it  was  generally  conceded  that  the  validity  of  the  law  of 
Mariotte  in  regard  to  air  had  been  fully  established  by  their  in- 
vestigations. There  were,  nevertheless,  strong  grounds  for  ques- 
tioning the  accuracy  of  this  conclusion.  In  the  first  place,  there 
was  no  reason,  in  the  nature  of  things,  for  supposing  that  the  law 
of  Mariotte  was  absolutely  true ;  and  since  it  was  not  exact  in 
the  case  of  so  many  gases,  it  was  reasonable  to  conclude  that  it 
was  not  absolutely  so  in  the  case  of  the  air.  In  the  second  place, 
the  volumes  observed  by  Dulong  and  Arago  were  in  every  case  less 
than  the  calculated  volumes,  a  fact  not  sufficiently  accounted  for  by 
the  construction  of  their  apparatus,  though  they  were  inclined  to 
believe  that  it  was.  Then,  lastly,  their  method  of  experimenting 
was  open  to  serious  objections.  They  measured  the  volume  of  the 
air,  by  means  of  a  graduated  scale  at  the  side  of  the  tube,  with  a 
degree  of  accuracy  which  was  evidently  entirely  independent  of  the 
volume  occupied  by  the  gas  in  the  tube,  whether  large  or  small. 
At  the  commencement  of  the  experiment,  this  volume  occupied 
a  length  of  nearly  two  metres  ;  and  hence  any  error  which  could 
be  made  in  reading  the  scale  would  be  an  insensible  portion  of 
the  whole  ;  but  when,  at  the  end  of  the  experiment,  the  pressure 
was  equal  to  thirty  atmospheres,  the  volume  occupied  in  the 
tube  a  length  of  only  one  fifteenth  of  a  metro,  so  that  the  same 
error  in  reading  the  scale  would  now  correspond  to  a  portion  of 
the  whole  volume  thirty  times  as  great  as  before,  and  might  be 
very  important. 

The  results  of  Dulong  and  Arago  were  not  destined  long  to  re- 
main the  last  word  of  physical  science  on  this  subject.  The  French 
government,  in  1841,  ordered  a  revision  of  the  principal  laws 
and  numerical  data  connected  with  the  theory  of  the  steam- 
engine.  This  work  was  intrusted  to  Victor  Regnault,  and  the 
results  of  his  investigation  occupy  nearly  the  whole  of  the  twenty- 
first  volume  of  the  Memoirs  of  the  French  Academy  of  Sciences, 
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This  volume  is  a  monument  of  scientific  industrj  and  skilK  and 
marks  an  c|>och  in  the  hi^to^J  of  physical  science.  Among  the 
other  uumericul  duta,  Kegnault  carefully  redetermined  the 
amount  of  diminution  of  volume  of  atmospheric  air  under  io- 
creasing  pressure,  lie  rc|)eatod  the  experiments  of  I^ulong  and 
Arago  with  a  greatly  improved  api^aratus,  and  extended  his  in- 
vestigations to  other  guses.  It  will  not  be  possible,  in  this  text- 
lK>ok,  to  enter  into  a  description  either  of  the  method  or  of  th« 
apfMiratus  employed.  Suflice  it  to  say,  that,  althougii  titer  wt.*rv 
similar  in  general  to  those  adopted  by  Dulong  and  Arago.  tlioy 
differed  in  one  im))ortaiit  detail.  Instead  of  keeping  the  quan- 
tity  of  the  gas  in  the  measuring-tul>e  constant  during  the  wliole 
ex|)eriment,  as  his  pre<lei*essors  in  the  same  lino  of  invt^tigatioii 
had  <lone,  he  continually  forced  fresh  gas,  by  means  of  a  coudeiis- 
ing-punip,  into  the  measuring-tube  as  the  pressure  increased,  and 
,  thus  hud  tiie  volume  of  gas  in  the  tube  the  same  profiaratory  to 
eacli  measurement.  The  ap|>aratus  was  so  delicately  constructed* 
that  he  could  measure  the  dilVerence  of  level  of  the  mercurv  in  the 
two  tulies  to  nearlv  tlie  half  of  a  millimetre,  and  also  t)ie  volume 
of  the  gas  in  tiie  measuriug-tul)e  with  as  great  an  accuracy  at  Ibe 
highest  as  at  the  lowest  pressures.  We  would  most  earnestly 
recommend  tlie  student  to  examine  the  original  memoir  of 
Itegnauh,*  as  one  of  the  l>est  examples  of  a  successful  scientific 
investigation  mi  record.  From  the  n*sults  which  UegnauU  ub- 
tttine<l,  the  following  table  has  Uvn  calculated  :  — 
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I'lT—ttrw. 


Air 
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S.SIfii 
I9.7I9H 
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1.0000 
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lO.OMO 
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-O.OI1« 
-4).aM0 
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This  table  sup|>oses  that  a  given  volume  of  gas  is  taken,  not.  a* 
Usual,  under  the  atnioHpiii>ric  prosurc,  but  under  an  initial  yw^ 
sun*  P'preMMit^d  by  a  colunni  of  mereury  one  motre  in  height, 
and  then,  bv  incnrasing  the  ln*ii:iit  of  the  eoliiuui  of  mercurv,  >uc- 
cessivelv  eondiMiM'd  to  one  fiflli,  one  tenth,  one  fiftet*nth,  an*!  one 


•  MrmutrM  de  rAnMkmic  <lc*  Scicocci,  Tom.  XXI.  p.  3t9. 
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twentieth  of  its  primitive  volume.  It  is  evident,  that,  if  Mari- 
otte's  law  were  invaluable,  it  would  require,  in  the  case  of  any  gas, 
pressures  corresponding  to  columns  of  mercury  respectively  five, 
ten,  fifteen,  and  twenty  metres  high  to  produce  this  result.  Now, 
in  the  table,  opposite  to  each  volume,  are  given  the  heights  of 
the  columns  of  mercury  in  metres,  which  are  actually  required, 
as  deduced  from  the  experiments  of  Regnault  on  air,  carbonic 
acid,  and  hydrogen.  In  the  case  of  air  and  carbonic  acid, 
it  will  be  noticed  that  less  pressure  is  required  than  that  indi- 
cated by  the  law.  In  the  case  of  hydrogen,  on  the  other  hand, 
more  is  required.  We  might  put  these  results  in  a  form  simi- 
lar to  that  of  the  table  on  page  294,  and  give  opposite  to  each 
pressure  the  observed  volume  and  tlie  calculated  volume.  It 
would  then  appear  Ihat  air  and  carbonic  acid  are  condensed 
more  by  a  given  pressure,  and  hydrogen  less,  than  the  amount 
required  by  Mariotte's  law. 

It  appears,  then,  from  these  experiments,  that  Mariotte's  law  is 
not  an  exact  expression  of  the  truth,  even  for  air.  Tlie  deviation 
from  the  law  in  the  case  of  air,  however,  is  exceedingly  small, 
and  it  required  all  the  precautions  with  which  Regnault  guarded 
bis  experiments  to  detect  and  measure  it.  In  a  theoretical  point 
of  view,  this  deviation  is  of  the  greatest  importance ;  but  in  the 
practical  application  of  Mariotte's  law  in  the  manometer,  and  in 
the  determination  of  the  volumes  of  gases,  it  may  be  entirely 
overlooked. 

By  carefully  examining  the  table  on  page  296,  it  will  be  noticed 
that  the  deviation  from  the  law,  in  the  case  of  all  three  of  the 
gases,  increases  rapidly  with  the  increase  of  the  pressure.  This 
is  the  general  law  in  regard  to  all  gases  which  have  been  studied. 
Hence  we  may  conclude  that,  as  the  pressure  diminishes  and  the 
^s  expands,  the  deviation  from  the  law  of  Mariotte  becomes 
grradually  less,  until,  at  an  infinite  degree  of  expansion,  this  law 
would  be  the  exact  expression  of  the  truth.  Regnault  did  not, 
however,  extend  his  experiments  to  pressures  less  than  that  of 
the  atmospheixj,  because  the  precision  of  his  method  was  not 
sufficient  to  detect  at  such  pressures  any  deviation  from  the 
law. 

The  table  will  also  lead  us  to  another  important  conclusion. 
On  comparing  the  numbers  of  hydrogen  and  of  air,  it  will  be 
found,  as  wo  have  already  remarked,  that  they  deviate   from 
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the  law  of  Mariotto  in  opposito  din>ctioM.  Starting  fron  a 
state  of  inriiiite  e.\|iaiisiou,  at  which  both  woald  exoctlj  obej, 
as  just  htuted,  the  law,  it  would  bo  found,  on  graduaUj  iit* 
creasing  the  pressure,  that  the  volunio  of  tho  air  dituiiiiUicd  in  a 
greater  pn>|K)rtion,  but  thut  of  hydrogen  in  a  less  prt)|iortion,  than 
the  pressure.  Here,  tlien,  are  two  gases,  one  varying  from  tlio 
law  on  one  side,  and  tlie  other  on  tho  op|iosito  tide.  Ik»lwe«*n 
these  two  we  may  conceive  of  a  gas  which  sliould  have  a  com- 
pressibility exactly  conforming  to  tho  law.  This  hypotlielical 
pis  lioing  taken  as  tho  limit,  we  have  on  the  one  side  a  claM  of 
g:ises,  comprising  air,  nitrogen,  oxygen,  carlionic  acid,  etc.,  which 
have  a  greater  and  constantly  increasing  compressibility,  aiid  on 
the  other  side  a  single  gas,  hydrogen,  forming  a  class  by  itself, 
and  having  a  less  and  constantly  diminishing  comprv^^ibilily. 
The  law  of  Mariotto  may,  therefore,  Ih)  regarded  as  a  limit,  not 
realized  in  nature,  from  which  the  dillerent  gases  deviate  on 
either  side  more  or  less,  according  to  their  nature,  as  well  as  ac- 
cording to  the  pressure  to  which  they  are  cxfiosed. 

Some  ex|M.*riments  of  Itegnault  s^^em  to  show  that  the  class  to 
which  a  gas  belongs  dcfiends  U|x>n  the  tem|ierature.  He  tioCiced 
that,  ahlitiugh  carbonic  acid,  as  sliowu  by  tlie  tabic,  deviates  verr 
markedly  fn>m  the  law  of  Mariotto  at  the  temperature  of  U*.  yet 
that  it  conforms  almost  precisi^ly  to  it  at  the  tem|NTatun*  of  hnf. 
lie  al>o  ntiticed  a  similar  fad  in  n^gurd  to  air,  ubirh  was  fuund 
to  tk'viutr  from  the  law  murh  lt>>s  at  an  clovatid  tompi*ratnre 
than  at  the  ordinary  tem|MTatniv  of  the  atmo^^plxTe  ;  and  h*: 
Con«'ludes  that  a  t<'ni|H»rature  conhl  easily  l»o  tttaineil.  at  mhiih 
the  fl4*\iation  Would  liecomo  insensil>h*  t4i  our  nifans  of  ob^r^^i- 
tion.  lit*  evrn  thinks  it  prttbable,  that,  at  a  very  high  tenifitTa- 
tun\  the  air  would  again  deviate  fn»m  the  law  of  Mari«»tte,  but 
in  tb«)  op|M>site  direrticm,  namdy,  that  in  which  hydrogen  di'%:- 
at»'s  at  the  ordinary  leni|i«*ratun\* 

<n*nenili7.inir  thi*^«*  ol»s«Tvatii>ns,  it  is  sup{H>M*d  that  the  sam- 
Would  )h*  tru<*  of  all  the  ^:im*h  lN*longing  to  the  first  cla>s.  .\« 
the  tenifM'nitun*  i*»  in4'r«MM*«K  it  is  sup|M»>ed  that  thrir  i*ompr\*- 
iiibilitv  woubl  irraduallv  dinlilli^l^  and  that  thev  would  linalU 
omforni  I'xaetly  t*»  Mariotti*'"  law,  at  different  t«*in|it*ruture«, 
det«*rniinate   for  each    oni*.      If  the   t«'m|H»rature    were    pushed 

•  M^moirt-*  ilc  TAnulMiM  dm  tkinim.  Turn.  XXL  p.  403. 
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1>e7ond  this  limit,  if  is  supposed  that  they  would  deviate  anew 
from  tlie  law,  but  in  an  opposite  direction,  passing  over  into 
the  class  of  gases  of  which  at  tiie  ordinary  temperature  we  have 
but  one  example,  hydrogen.  On  the  other  hand,  since  hydrogen 
possesses  at  the  ordinary  temperature  of  the  air  tlie  character 
which  those  gases  have  at  a  high  temperature,  it  is  natural  to 
conclude  that,  by  lowering  the  temperature  sufficiently,  we  should 
bring  this  gas  to  the  condition  in  which  they  exist  at  the  ordinary 
temperature.  We  should  expect  to  find,  that,  at  a  certain  degree 
of  cold,  it  would  conform  exactly  to  the  law  of  Mariotte ;  and  that, 
at  a  still  lower  temperature,  it  would  deviate  from  that  law  again, 
but  in  an  opposite  direction.  It  must  be  admitted,  however,  that, 
although  these  conclusions  are  in  conformity  with  the  analogies 
of  science,  they  are  based  upon  too  slight  experimental  data  to 
make  them  of  much  value  ;  and  further  experiments  on  the  com- 
pressibility of  gases  at  high  temperatures  are  among  the  most 
important  desiderata  of  this  branch  of  science. 

Within  the  last  few  years,  further  experiments  on  the  condensar 
tion  of  air,  nitrogen,  oxygen,  hydrogen,  and  oxide  of  carbon  have 
been  made  by  Natterer  with  a  very  powerful  condcnsing-appara- 
tus,  with  which  he  has  been  able  to  exert  a  pressure  of  nearly  three 
thousand  atmospheres.  Even  with  this  immense  pressure,  he  did 
not  succeed  in  condensing  these  gases  to  liquids ;  but,  on  the 
tM)ntrary,  he  found  that  the  compressibility  in  all  the  five  cases 
was  less  than  that  required  by  Mariotte's  law.  From  his  results, 
the  following  table  *  has  been  calculated  by  interpolation  :  — 


PreMure  in 
AtoMMptfterea. 

Ntunber  of  Yolume*  condenMd  into  One. 

Hydrogen. 

Oxygen. 

Nitrogen. 

^Ij.                  Oxide  of 

Nitn)gfn. 

1 

100 
500 
1,000 
1,354 
1,500 
2,000 
2,500 
2,790 

1 

50 

98 
896 
623 

•   . 

776 

899 

977.5 

1008 

1 

50 
100 
439 
595 
657 

•  • 

•  • 

1 

50 
99 
881 
519 
•  . 
590 
641 
684 
705 

1 

50 

100 

396 

527 

•     • 

607 
661 
704 
726 

1 
GO 
100 
412 
544 
•  • 
617 
669 
708 
727 

t 


*  This  table  is  taken  from  Liebig  und  Kopp,  Jahresbericht  fur  1854,  Scite  88.    For 
the  fuU  rcMlts,  see  Wksn  Acad.  Ber.  XIL  199,  or  Pogg.  Ahil,  XCIV.  436. 
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Opposite  to  tho  number  of  atmospheres  of  pressure  is  pi^cn  fur 
each  of  tlic  five  gat^es  tho  number  of  volumes  which  are  con- 
densed by  the  different  pressures  into  one  vohinio.  In  other  wonK 
these  nunil>ers  represent  tho  numl>er  of  volumes  into  which  ow 
volume  of  the  contlcnsed  (ras  would  ex|»aud,  if  allowod  to  ex|iand 
freely  under  the  |)ressure  of  llie  atmosphere.  If  the  pa.M»?*  f  .1- 
lowed  the  law  of  Mariotte,  the  numlier  of  volumes  would  alv.ivt 
be  equal  to  the  num))er  of  atmospheres  of  pres>ure.  Aci^ordin^r 
to  these  e.\|ieriments,  the  numl»er  is  very  mucli  less  than  tin*, 
showing  that  at  these  high  pressures  the  compressibility  is  wry 
greatly  diminished.  It  will  l>e  noticed  that  these  results  are  in 
accordance  with  those  of  Uegnault  in  regard  to  hydn>geu«  but 
directly  op[K>site  to  them  in  n*gard  to  the  other  gases.  Sincr, 
however,  the  ex|MTiments  of  Nat(*rer  were  conducted  in  a  man- 
ner  nut  calculated  to  give  accurate  numerical  results,  they  iv- 
quiro  further  ctMifirmation. 

We  have  dw<.>lt  at  some  length  on  the  history  of  Mariotte*s  law, 
both  Ijccause  it  furnishes  one  of  the  l)est  examples  of  refined  sci- 
entific investigation,  and  also  l»ecause  it  illn>trates  in  a  very 
forcible  manner  the  character  of  a  very  large  class  of  the  so-called 
latrs  of  nature.  The  ct>mpn?ssibility  of  ga>es  was  in  tlie  fii>t 
place  studied  with  a  comparatively  rude  apparatus,  and  a  simple 
law  was  dJM'overed,  whieh  was  accepted  as  the  al>S4>lute  truth. 
Lat<T,  when  the  nietliods  of  iiivvstigation  had  lKH?onie  more  ac- 
curate, it  wa*<  found  that  the  law  was  not  genend,  but  it  usi>  yxA\ 
maintained  in  n^irard  to  air,  until  finally  the  refined  ex|toriin«'iil« 
of  Uegnault  pruxcd  th:it  it  failt'd  hrre  aUo.  t'^till  tlie  law  rt*maih« 
as  an  id<*al  truth  towards  uliirh  natun.'  teiid>,  but  whieh  is  nev*  r 
fully  rearh«M|,  and  w«»  can  eveu  tra«v  the  a«'ti«»n  of  the  at;eiit?» 
which  |>rodti<*e  tlw  )MTturbatiuii>.  So  is  it  with  nio^t  phy>ical  la««>. 
Th<*v  an*  not  relations  reali/ed  wifli  niathcmatieal  exactm^s.  but 
ideal  truth«<  always  innre  <»r  b^**  I'al^e  in'raeh  particular  ca!M\  In 
another  place/  the  autiior  has  termed  tlii*i  ehu^s  of  |uw«,  wbi«h 
are  mendy  expn^^^ion**  of  external  plienoniena, /'ArMofH/N<;/  lt:%r$. 
In  H»m»*  few  ca»»e»»,  a>  in  the  law  uf  irrax  itatinu,  we  have  U^-n 
abb*  ti»  go  Udiind  tiie  phenomena  to  tln^ir  proximate  cauM.^ ;  and 
ill  ^u^h  caM***  tb«'  v«'rv  variations  liavr  Wv\\  mnmi  to  U»  n*xv*- 
Niry  eons*i|u»*nce^  of  the  law  itself.     So,  |H»v>ihly,  it  will  l»e  with 

*  Mf-muirv  i/  the  AiiK'ht'aii  Atailt-mv  uf  Aru  And  S<-trtir«i,  Vol.  V.  p.  Mf 


THE  THREE  STATES   OF  MATTEB.  301 

the  law  of  Mariotte,  when  wo  understand  the  constitution  of  the 
gaseous  condition  of  matter.  But  even  in  regard  to  the  law  of 
gravitation,  there  always  have  been  residual  phenomena  unex- 
plained by  the  law,  and  so  probably  there  always  will  be ;  until, 
^  we  go  on  widening  our  generalizations,  the  last  gcneraliza- 
:ion  of  all  brings  us  into  that  Presence  of  which  all  natural  phe- 
lomena  are  the  direct  manifestation. 

(166.)  Limit  to  the  Compressibility/  of  Gases,  —  It  has  been 
shown  that  all  gases,  when  submitted  to  pressure,  are,  with  one 
[exception,  compressed  to  a  smaller  volume  than  that  calculated 
Trom  the  law  of  Mariotte ;  and  we  have  also  seen  that  the  devia- 
tion from  the  law  increases  rapidly  with  the  pressure.  With  most 
gases,  however,  experiments  prove  that  the  compressibility  does 
not  increase  indefinitely  ;  but  that,  when  the  pressure  reaches  a 
certain  point,  the  gas  changes  into  a  liquid.  This  change  of  state 
takes  place  suddenly,  but  it  is  preceded  by  the  increase  of  the 
compressibility  of  the  gas,  which  has  just  been  noticed,  and  which 
becomes  very  rapid  as  the  point  of  condensation  is  approached. 
Some  persons  have  been  led  by  this  fact  to  the  opinion  that 
tlie  deviation  from  the  law  of  Mariotte  is  owing  to  a  partial 
liquefaction  of  the  gas  ;  but  the  experiments  of  Rcgnault  and 
Dcspretz,  already  cited,  tend  to  disprove  this  theory.  The  pres- 
sure under  which  the  condensation  to  the  liquid  state  takes  place 
depends  upon  the  nature  of  the  gas,  and  also  especially  on  the 
temperature.  We  shall,  therefore,  defer  the  consideration  of  this 
subject  to  tlie  chapter  on  Heat. 

Application  of  Mariotte's  Law, 

(1G7.)  Pressure  of  the  Atmosphere  at  different  Heights.  — 
Having  become  familiar  with  Mariotte's  law,  we  are  prepared  to 
study  the  variation  of  pressure  as  we  rise  in  the  atmosphere, 
which  has  been  already  noticed  in  (156.  3).  This  question  is 
evidently  one  of  great  importance ;  because,  if  we  can  discover 
the  law  by  which  the  pressure  varies,  we  can  easily  deduce  from 
two  observations  of  the  barometer  made  at  different  heights  the 
difference  of  level  of  the  two  stations. 

It  is  evident,  from  the  nature  of  the  case,  that  the  density  of 
the  atmosphere  must  vary  constantly  witli  the  elevation  above 
the  surface  of  the  earth,  and  hence  that  it  is  not  absolutely  the 
same  at  any  two  levels,  however  near  to  each  other.     Neverthe- 
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1098,  for  coiiTciiioncc,  wo  will  suppose  that  the  atuKX^plicre  coi^ 
sists  of  a  KTios  of  very  thin  concentric  lajcrs,  having  a  cuouduo 
thicknciis,  which  wo  will  represent  hv  d ;  and  tliat  the  deiaitj  is 
unifonu  throughout  each  layer,  changing  abniptlj  aa  we  |am 
from  one  to  the  next.  Moreover,  in  order  to  reduce  tlie  «|uo> 
tion  to  its  simplest  form,  wc  will  6up])0!»e  that  the  tcmperalunr 
of  the  atmosphere  at  the  difTerent  elevations  itt  tlie  same,  and  at  .^  ^t 
0"*  C.  We  may  now  represent  the  difTerent  quantities  to  be  u»cd 
in  our  prolilem  thus ;  — 

(/  =  the  common  thickneM  of  the  concentric  Inrrr*. 

X|,  Xj.  X|  . . . .  T,  =  the  <listan<*<*!(  of  the  lower  Mirfacrj*  of  th*  MicrrMi^T 
layers  from  the  centre  of  the  enrth. 

//„  /^,  //j //,  =  the  hei<;hts  of  the  barometer  in  the  fsaccewire  brerv. 

(Sp.  Gr,)i.  (Sp,  Gr.)i ....  (Sp.  Gr.)^  =  the  specific  |mvitr  of  the  air  ia 
the  suctvjisivc  lavem,  referred  to  mercunr. 

We  have,  then,  for  the  thickness  of  the  first  layer,  jr,  —  Ti  =  if,, 
and  for  the  fall  of  the  column  of  mercury  in  the  height  of  the  fir>t 
layer,  //,  —  //..  It  is  therefore  evident,  that  a  column  of  atmos- 
pheric air  equal  to  r,  —  r,  supfKirts  a  column  of  mercury  equal 
to  //,  —  //..  Xnw,  since  the  air  acts  in  all  respect*,  «o  far  as 
regards  pressure,  like  a  liipiid  of  a  very  Mnull  s}>ecific  gravity 
(l.'il ),  it  follows  that  tin*  ]»roiK)rtion  [^1]  is  true  for  the^c  two- 
columns  of  air  antl  nuTcury.  H(*presenting,  then,  the  s|iecific 
gravity  of  mercury  l»y  unity,  we  have 

//,  —  //,  :  X  —  J\  =  (  Sp,  r/r. ),  :  1, 

Moreover,  since  the  jm^ssure  is  ]»ro|M>rtional  to  the  density  [^•^.•], 
it  is  al>o  projMirtional  to  the  s|»4M>ific  ^rnivity  ;  and  we  have,  for 
anv  two  lavep*.  siu-h  as  the  first  and  the  «th, 

(  Sp,  ilr, ),  :  (  >/i.  (Ir, ),  =  //,  :  //„ 
or 

(  SpAlr,  J,  :  IF,  =z  (  Sp.Gr.K  :  JL- 

Representing  hy  ^*a  con'^tani  quantity,  we  may  evidently  put 

i  SpJ!r.  >.  =  r  //„      and      (  Sp.Cr.  ),=  T  //..         [UVJ.] 

The  value  <if  C  4]i'|H>nd^  u|»<»n  the  latitude  of  the  place  and  on 
the  condition!  of  the  atmosphere,  as  will  hvreafticr  be  »bova. 
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Gomparing  the  two  values  of  (i^.Gr.),,  [101]  and  [102],  we 
obtain 

^1IZJ^  =  CH,,     or      H,  =  H,(1—Cd). 
Sj  the  same  course  of  reasoning  we  should  obtain 

a 

liVe  can  in  like  manner  readily  form  the  following  table  :  — 

ari  =0,  Hx  =  H^. 

x^  —  xy  =  d,  H^  =  H,{\  —  Cd)  =  Jr,(l  —  Cd). 

x^  —  x^=i2d,  H^  =  H^{\  —  Cd)  =  H,{\  —  Cd)\ 

x,  —  x,=3d,  H,  =  H^{\  —  Cd)  =  H,{\  —  Cd)\ 

•        ••  •••  ••• 

x^^,—x,=nd,        H^^,^H^{\  —  Cd)  =  H,{\  —  Cdy. 

The  values  d^2d^Z  d  . , . .  nd^  which  represent  the  elevations 
above  any  given  level,  are  evidently  terms  of  an  increasing  arith- 
metical progression  ;  and  the  vahies  of  -Hi,  jHi,  -ffj . . . .  -ff«,  which 
represent  the  pressures  at  these  elevations,  are  evidently  terms  of 
a  geometrical  progression,  —  since  each  value  is  formed  from  the 
preceding  by  multiplying  by  the  constant  quantity  (1  —  Crf). 
iforeover,  since  the  value  of  this  quantity  is  less  than  unity,  the 
progression  is  decreasing. 

From  the  equation  jH",^.]^  jHI  (1 —  Crf)%  we  can  easily  ob- 
tain a  formula  for  calculating  the  difference  of  elevation  from  the 
lieight  of  the  barometer  at  any  two  stations.  Taking  the  loga- 
rithms of  the  two  members,  this  equation  becomes 

log  -H^+i  —  log  Hx  =  n  log  (1  —  C  rf),  or,  developing, 

=  nir(—Crf—JC7»d»  —  iC»d'— ....). 

TVe  have  assumed  that  the  common  thickness  of  the  atmospheric 
layers  (c/)  was  only  very  small.  We  may  now  pass  at  once  to  the 
actual  condition  of  the  atmosphere  by  making  d  infinitely  small. 
The  rf*,  rf'  .  . . .,  being  all  infinitely  less  than  d,  may  bo  taken  at 
zero,  and  tlie  equation  becomes 

log  lf„+ 1  —  log  B;  =  —  w  d  -j^ ; 

or,  changing  the  signs  of  all  the  terms, 

C 
log  ill  —  log  -H; + ,  =  n  rf  -^ ; 
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from  which  can  be  easily  dcducud 

•''  =  •"» 7/. --C- 

In  this  formnla,  ndxn  obviously  the  sum  of  tho  thicknesses  of  tlie 
infinitely  thin  layers  between  tho  levels  of  tho  two  stations*  and 
is  therefore  tho  quantity  required.  We  will  represent  it  by  x. 
M  is  the  modulus  of  tho  common  tables  of  logarithms,  or 
2.Jl02o8o.*  C  is  tho  constant  already  mentioned,  //.-i  is  tlic 
height  of  tho  Imromcter  of  the  upper  station,  which  we  can  more 
conveniently  represent  simply  by  A  ;  and  //i  the  height  at  the 
lower  station,  which  wo  can  moro  conveniently  represent  by  //. 
Tho  fonnula  then  becomes 

x  =  \og^.^,.  [lOi] 

Tlio  constant,  (\  in  this  equation  is  a  quantity  which,  multi- 
plied by  the  height  of  tho  barometer,  will  give  the  specific  grav- 
ity (relatively  to  mercury)  of  the  air  in  which  the  banmieter  is 
immersed  [102].  We  shall  hereafter  have  occasion  to  show  that 
the  weight  of  one  cubic  centimetre  of  air,  and  hence  also  \u  spe- 
cific gravity,  varies  not  only  with  the  pressure  //,  but  alM)  with 
tlio  clastic  force  of  tho  va{>i)r  which  it  contains,  with  the  tem|ieri- 
ture,  and  with  the  inten>ity  of  the  force  of  gravity  at  tho  place 
of  ol>ser>'atiuii.  All  these  circumstances  must,  therefore,  mcidify 
the  value  «»f  \\\o  constant  ('.  If,  howcvor,  we  reduce  the  condi- 
tions to  thoir  siniph'^'t  form,  and  sup[M>>e  that  the  temperature 
is  0**  C\  at  )k)IIi  htatioiis,  that  tho  ]>laco  of  observation  is  on  tli« 
tiarallol  of  bV,  and  that  the  atniosphen;  is  one  half  saturated 

with  vu|M>r,  we  havr,  f«ir  the  value  of  the  constant,  '    =  l^^^.'UW 

metriMi ;  and,  negb*cting  the  variation  of  the  intensity  of  gravity 
with  the  elevation,  [lO^lJ  iKJcomesf 

x  =  b>g  jlH:::y,  =  log  //lH:J3t3  — b>gA  18333;        [104.] 

*  8omc  wntrrt  o***  .i«  St  ihr  r«<<-i|iriM-al  of  ihii  %ftlur. 

t  It  i«  c%  lUcfit  tbAl  thc*c  nmtlttiunt  «iv  never  rvalianl  in  Uie  atmocpbcrr.  TW  trm 
prrmiurr  ilitntrii«(ir«  wry  ni|.i«lir  at  «e  a*rrn4l ;  mmI  Uhp  k^nr  dt  fgm%%\j  «anrt  «ith  ife* 
cUvatKm.  ft*  «•!!  ft*  with  rfn*  l«titii«le  tif  the  plarr  i>f  (MMcmtioo.  In  \hm  |«ttc1x«l 
a|(;>l»«~«tM>n  of  iKii  mrth<M|  in  <lrtrrmitiiii(;  ilifTc'irnrr*  of  Irvrl,  H  i*  nr i  r ■«!  i  to  yav  f^ 
fpnvX  to  all  \\w*r  <  in  nmvtftmt-*.  Tlxr  «niif>rfit  m«thrmfttjrlin  I.ji  Itare  rmk«lal«4  • 
ftmnolA  (or  tioUmg  iImt  valiac  of  x,  lu  nUult  all  tbc  cauao  «hkb  majr  muA^j  iIm  fci»> 
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which  JJand  h  denote  the  height  of  the  barometer  in  millime- 
"feres.  If,  further,  we  suppose  that  the  lower  station  is  at  the  sea 
X^Tel,  and  tliat  the  barometer  at  this  level  is  at  its  mean  height, 
or  7C0  m.  m.,  the  formula  becomes 

X  =  52,822.6  metres  —  log  h  18336.  [105.] 

sure  of  the  different  layers  of  the  atmosphere  hare  been  considered.    In  this  formula, 
Che  letters  denote  the  following  ralues :  — 

//  s  height  of  barometer  at  the  lower  station. 

T  B  teropentare  of  barometer  at  the  lower  station. 

/  s  temperature  of  the  air  at  the  lower  station. 

k'  =  height  of  barometer  at  the  upper  station. 
T'  s=  temperature  of  barometer  at  the  upper  station. 
tf  as  temperature  of  the  air  at  the  upper  station. 

I  •=  latitude  of  the  place  of  observation. 

r  =»  in  the  fourth  factor  the  approximate  height  determined  from  the  previous  factors. 

The  formula  of  La  Place  is  then  as  follows  :  — 

V*  +    1000  J* 

5. 
(1  +0.00265  cos  2  A), 

6. 
/         z  +  168a8\ 

[  U  ■*"    6866198  /' 

^liich  does  not  differ  materially  from  the  complex  equation  of  the  Micanique  Cdeate 
(CEuvrcs  de  La  Place,  Tom.  IV.  p.  328,  Paris,  184.5).    The  terms  and  fiictors  of 
*hc  formula  have  been  numbered  for  the  sake  of  reference.    The  first  two  terms  are  the 
^iirac  as  in  [104],  and  give  the  approximate  elevation.     The  third  term  is  a  correction 
^or  the  difference  of  temperature  of  the  mercury  columns  at  the  stations.    The  corrcct- 
^id  altitude  is  now  to  be  multiplied  by  three  factors.     The  first  (marked  4)  corrects  it 
fV>r  the  difference  of  temperature  of  the  air  at  the  two  stations ;  the  second  (5),  for  the 
v^uiation  of  gravity  with  the  latitude ;  and  the  third  (6),  for  the  variation  of  gravity 
"^rith  the  elevation.    The  calculation  of  the  value  of  x  is  rendered  exceedingly  easy  by 
xtieans  of  a  set  of  tables,  originally  prepared  by  Oltmans,  which  are  given  in  the  Annu- 
rtire  du  Bureau  da  Lmtgituda  of  Paris.     Similar  but  more  extended  tables,  calculated 
^y  Delcros,  Guyot,  and  Loomis,  are  contained  in  the  collection  of  Meteorological 
Tables  prepared  by  Professor  Arnold  Guyot,  and  published  by  the  Smithsonian  Insti- 
tution. 

M.  Babinet  {Ocmptes  Rendiu  de  VAcnd^mie  des  Sciences  for  March,  1857)  has  pro- 
posed a  modification  of  La  Place's  formula,  which  dispenses  both  with  the  nsc  of  loga- 
rithms and  with  tables  of  any  kind.  The  notation  is  the  same  as  before,  but  the  two 
barometers  are  supposed  to  be  reduced  to  the  same  temperature,  and  the  small  correc- 
tion for  the  latitude  is  omitted.    The  modified  formula  is  as  follows  :  — 

X  =  16,000  metres  ^-qrj:^    (1  +  -food-;- 

In  using  this  formula,  the  two  heights  of  the  barometer  must  first  bo  reduced  to  xcro, 
and  it  will  then  give  accurate  results  for  elevations  of  less  than  1000  metres,  and  ap- 
pfoximate  results  even  for  much  greater  elevations.    For  further  information  on  this 

26* 
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From  this  formuU,  it  is  oasj  to  calculate  tlie  pressure  and  spe- 
cific g^vitj  of  Uie  atmosphere  at  difiercnt  elcTations^  on  tlie 
assumption  that  its  condition  is  as  just  supposed ;  and  hj 
of  it  the  following  table  has  been  constructed. 

PrtMSure  and  Spectre  Gravity  ofth$  Air  ai  iturreatimg  Atiimdmm 


B«lk  of  «qwftl 
W««clii  of  Air. 

AlrMi6c.».  -  1 

tM^tm 

1  c.  m.* 

1 

7e.oo 

2    ** 

i 

3^.00 

4    ** 

i 

19.00 

8    - 

\ 

^M 

16    « 

^\ 

4.75 

32    « 

^ 

2.58 

0 
5^520 
11,040 
16,560 
22,080 
27,600 

This  table  illustrates  the  fact  already  stated  on  page  303 ;  for 
while  the  elevation  above  the  sea  level  increases  in  an  arithmeti- 
cal progression,  tlie  height  of  tlie  barometer  and  tlie  sfiecific 
gravity  diminish  in  a  geometrical  progression.  Dr.  Young  has 
calculated  that,  if  the  air  continues  to  diminish  in  specific  gravitj 
according  to  the  law  indicated  in  the  aliove  table,  one  cubic  inch 
of  air,  of  the  mean  specific  gravity  at  the  earth*s  surface,  would, 
at  a  distance  of  four  thousand  miles  from  the  eartli  (a  distance 


tah^rrt,  wr  wookl  rrfrr  the  tnMleiit  to  Uw  excellem  rollcrtioa  of  uKfet  Kt 
(joroc,  alrrailr  mmiionrd. 

In  ukins  uhprn atioii*  of  the  hAfrmteter  for  the  pnrfiOKe  of  mettRtrisic  het|:lit», 
prmiotH>n«  mtr  iiKlimpeiMMihie.  in  onlcr  to  obtain  cutxt  rr*ulu.  If  the  hociaottty 
hrtwrrn  the  »tjukm«  U  con«i«kT»l4e,  it  i«  nece«M«r>-  to  nuike  the  t«o  ohvrtati 
naltAneottftlv,  in  oni«>r  to  rlimiiuiie  the  rfl«*rt  of  the  arridental  rh«n;:«*  to  nharh  th* 
bftfomrtrr  it  li«l4r ;  or,  if  thi*  it  im|io«*iMr.  to  nrturn  to  t^ie  flr^t  »tAtion.  and  ••erttM 
whether  the  prrMarv  has  chaiifrnl  in  tlie  intenral.  If  it  hu,  the  oharrtatioci  thirtilil  bt 
rrjcrteil.  But  errn  thi^  loetlKMl  of  oliArrvin);  will  not  eliminale  thr  r(ft-«t*  of  the  i«)pi' 
kr  rtmngr*.  hrr«B«e  the«e  are  not  nrcr*Minlr  the  name  at  the  t«o  •tatMm*.  and  do  ftoC 
take  place  at  prwH^rlr  the  came  momrnt,  e»pr«'iallv  iih«n  tfw  ditf«-nrn«^  «»f  rWtatK«i  it 
fO«»«i«lrnil»le.  The  tam«*  i*  alto  men*  or  le««  true  of  the  arttdnital  rlian;:r«  |a 
onW  to  rlimtnate  all  thr«e  rav«e«  of  error,  it  i«  hr«t  to  makr  a  i;:Tral  niiml*r  «if  v/trnttr- 
ratinnt  »imutuiirtMi«lir  at  lioth  ttationt.  and  to  take  the  mran  ;  ami  thi*  <tmr^  i«  t%- 
aential  whrn  the  two  •utmnt  are  trvrrmi  m\\*^  apart.  F«>r  examjlc.  in  ftt.dm-  ti« 
eirvatiiin  of  a  pUor  ahnrr  the  aea  level,  it  it  he«t  to  takr  the  harometrv  mran  (tf  tht 
plan>.  ralmlated  fmm  oharrirMiont  eitrndinc  orrr  »r%rral  reart.  and  mmpanp  it  «tth 
a  timilar  mran  takra  at  the  tea  levrl.  In  th«*  tn>(»tr«.  «hrrv  the  anvknfal  vanatipiM 
KarrU  rxi»t.  ami  whetr  the  rri^tilar  rahatinn*  f«»IW»w  wrll  known  law*,  arrttnifp  rr*«ltt 
ran  hr  ohcainrd  hr  takini*  tverrMirr  olwertationt  at  the  diflrnmt  station*  With  irmd 
ln«tnim<>ni«  and  earrfiil  ohwprratkMi.  the  diffcfYOcc  of  kvel  can  be  atccwaiard, 
the  focmala  of  La  Plac*,  «i 
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^^aal  to  the  earth's  radius),  fill  the  whole  orbit  of  Saturn  ;  and, 
on  the  other  hand,  if  a  mine  could  be  dug  forty-six  miles  deep 
Into  the  earthy  that  the  air  at  the  bottom  would  be  as  dense  as 
cjuicksilver. 

It  has  already  been  stated,  that  there  is  probably  a  limit  to  the 
upper  surface  of  our  atmosphere,  as  definite  as  that  of  the  sur- 
face of  the  ocean.     At  this  elevation,  the  repulsive  force  of  tlie 
particles  is  supposed  to  be  balanced  by  their  gravitation  towards 
the  earth.     If  we  assume  that,  at  this  point,  the  repulsive  force 
is  equal  to  a  column  of  mercury  one  millimetre  high,  we  can 
easily  calculate  the  height  of  the  atmosphere.     The  second  term 
of  the  second  member  of  [105]  disappears,  since  log  1  =  0,  and 
we  obtain  x  =  52,822.6  metres.     But  this  assumes  that  the  tem- 
perature is  the  same  at  this  high  elevation  as  at  the  surface, 
namely,  O**.     The  probability  is  that  the  temperature  is  about 
•^60**  C.     We  must,  therefore,  make  a  correction  for  this  differ- 
ence, amounting,  as  follows  from  La  Place's  formula,  (see  note, 
p.  304,)   to  0.12  of  the  whole,  which   reduces  the  height  to 
46,483.9  metres. 

Instruments  illustrating  the  Properties  of  Gases. 

(168.)  Manometers,  —  This  name  (derived  from  fiavd^^  rare, 
and  fi€Tpov^  measure^  is  applied  to  a  class  of  instruments  which 
are  used  for  measuring  the  elastic  force  or  pressure  of  confined 
gases  and  vapors.  Of  the  numerous  forms  of  the  manometer, 
y^Q  shall  describe  but  three. 

1.  For  pressures  less  than  the  atmosphere,  the  most  convenient 
form  of  manometer  for  the  laboratory  is  that  represented  in  Fig. 
272,  at  the  side  of  the  barometer.  It  consists  simply  of  a  tube, 
open  at  both  ends.  The  lower  end  dips  into  a  reservoir  of  mer- 
cury, and  the  upper  end  connects,  by  a  flexible  hose,  with  the 
vessel  containing  the  gas  or  vapor  whose  pressure  we  wish  to 
measure.  If  the  gas  exerts  no  pressure,  or,  in  other  words,  if 
there  is  a  vacuum  in  the  vessel,  it  is  evident  that  the  mercurv 
will  stand  at  the  same  height  in  the  tube  as  in  the  barometer  ; 
and,  on  the  other  hand,  if  the  gas  exerts  pressure,  the  mercury 
will  be  depressed  by  the  exact  amount  of  this  pressure.  By 
measuring  with  a  cathetometer  the  difference  of  level  in  the 
barometer  and  manometer  tubes,  we  can  ascertain  the  exact 
amount  of  the  pressure,  or  tension,  of  the  confined  gas. 
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2.  The  form  of  mnnnmoltr  rcprvM>nlt'il  in  Fi(r-  273,  vl 
owe  to  ReffnKult,  may  Im;  um<]  Uith  for  prpsfun.'^  prvaier  r 
tlian  ihst  of  tli?  Blimwpbcn*.     1(  con^i^tn  of  (wo  e\iu»  tu 
and  I  k.  wliicli  •«•  ccnu-nttii  into  nn  iri»n  V.  <  made  as  re 
M  in  Fi|rt. 'iT)l.  277.  aii<)  I'TM,)  an<l  rnnii  toir-llit-r  an 
oiplion.     Ilolw«m   Uio  t«o  arm*  of  tho  xiiilmn.  ami  d 
part  of  the  iron  l".  i»  [ilocwl  a  thnt'-way  inx-k,  wIhi^ 
linn  is  sufficicntljr  cx{ilaim'<t  hy  the  fifnin'M.     Acronli 
ponition  wliicli  we  jnve  to  tlii*  cock,  wc  may  Hllicr  ope 
Uio  communicatioo  betwMn  Uio  gloM  ttiK-K.  or  rout  th 
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from  either  tube  slone,  orfirom  both  together,  at  pleasure.  The 
tube  I  k  is  open  at  the  top,  and  the  mercury  column  which  it 
c^ocLtains  Feceives  the  pressure  of  the  atmosphere.    The  tube  g  h 


fig.  278.  Fig  27& 

^^nninates  in  a  capillary  tube,  which  is  bent  at  right  angles,  and 
Connected  with  the  vessel,  a  6,  containing  the  gas  or  vapor  whose 
elasticity  we  wish  to  measure,  by  a  connection  of  peculiar  con- 
struction, and  admirably  adapted  for  experiments  of  this  kind. 
'Xo  the  end  of  the  tube  bg  is  cemented  the  steel  cap  a'  b'  d\ 
\vhicli  is  represented  in  Fig.  274.     The  face  of  this  cap  is  formed 


rig.  276. 


Fig.  277. 


Pig.  278. 


by  a  plane  surface,  a'  b',  and  by  a  hollow  cone,  o'.  On  the  other 
hand,  the  face  of  the  stopcock  which  closes  the  reservoir  has 
exactly  a  reverse  form,  and  the  two  are  carefully  ground  to- 
gether. In  order  to  secure  a  joint  which  is  absolutely  hermeti- 
cal,  it  is  only  necessary  to  press  the  two  together  by  means  of 
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a  brass  collar  (Fig.  275),  which  is  tightened  bj  meant  of  the 
screws,  after  Iiaving  interposed  a  little  melted  India*rubber. 
The  elasticity  of  the  gas  in  the  reservoir  a  fr  is  meaMired  t*j 
the  ditference  of  the  level  of  the  mercury  in  the  two  arms  of  the 
tul)e,  and  by  the  height  of  the  barometer.  If  tlie  level  is  tlie 
same,  then  it  is  evident  that  the  elasticity  is  exactly  equal  to 
the  atmospheric  pressure,  and  is  measured  by  the  lieight  of  tlie 
harumeter.  If  the  level  is  higher  in  the  tube  k  g  than  in  i  k^ 
th<Mi  the  elasticity  is  measured  by  the  height  of  the  Itarumeter 
less  the  diflerenco  of  level.  On  tlie  otiier  hand,  if  the  level  is 
higliest  in  titc  tube  i  4r,  tlien  the  elaj^ticity  is  measunni  by  the 
lieight  of  the  barometer  plus  the  difierencc  of  level.  Ropref^ut- 
ing  the  elasticity  by  ^,  the  heiglit  of  the  barometer  reduced  to 
0^  by  /i^,  and  the  difference  of  level,  also  reduced  to  the  stand- 
ard tem|)erature,  by  A«,  we  have  in  every  case 

8.  The  form  of  manometer  just  described,  although  an  ex- 
ceedingly accurate  instrument,  cannot  be  conveniently  u»ed 
when  the  elasticity  is  greater  tlian  two  atmospheres,  because* 

when  the  difference  of  level  exceeds  7t)  c.  m.« 
the  tnlie  t  k  must  lie  made  inconveniently  lone, 
and  the  instrument  l>ecomes  difficult  to  manacro. 
Where  gn*at  accuracy  is  not  necessary,  wo  can 
th<*n  use  with  advantap'  a  fonn  of  the  maiN^ni- 
eter  which  is  repn»s4»ntrd  in  Fijr.  -Tl»,  and  mhich 
is  ba.MMi  on  Mariotte*s  law  ;  for  althout:h,  05  mr 
have  S4NMI,  this  law  is  not  rip»n»usly  true,  v\^i\ 
in  n»pird  to  air,  yet  the  deviation  is  S4>  >mall 
that  it  may  U*  n*gunl<*d  as  exact  fur  all  prac- 
tical |»ur|M»M's. 

This  tliinl  form  of  manometer  ciuisists  of  1 
rylintlriral  ^la>!«  Xk\\h\  elosi*d  at  the  top  at.«l 
filled  uith  drv  air.  TIh»  lower  end  of  the  tul«* 
|wi>M*^  thnmirh  the  collar  of  a  rast-in>n  r\*MT%oir. 
and  dip**  und«»r  tli«»  surfan*  <»f  the  niereury,  vali 
whieh  it  \s  in  |»art  filltnl.  At  the  side  of  tin* 
^  2^  n'^er^oir  \s  an  o|MMiin;r  whirh  connects  by  tin* 

tulN»  A  with  tlh*  cIommI  ve'^sel  or  l»oiler  contain- 
ing the  gas  or  va{K)r  whose   elastic   force  is  to  be   measurtd. 
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The  vhole  apparatus  is  fastened  to  a  vooden  plank  for  con- 
venieuce  and  security. 

The  quautit;  of  the  air  contained  in  the  glass  tube  is  such 
that,  when  the  opening  at  A  commuuicates  with  the  atmosphere, 
the  morcuiy  stands  at  the  same  level  in  the  tube  and  reservoir. 
Consequently,  opposite  to  this  level  on  the  plank  is  marked  the 
figure  1.  If,  now,  a  pressure  is  transmitted  through  A  equal  to 
t«o  atmospheres,  the  mercury  will  rise  in  tlie  tube  nutil  the  teu- 
noa  of  the  confined  air,  added  to  the  pressure  of  the  mercury 
column,  just  balances  it.  Were  it  not  for  the  weight  of  the  mer- 
cury, it  would  rise  to  just  one  half  of  the  height  of  the  tube  ;  but 
in  fact  it  rises  to  somewhat  less,  because  a  part  of  tlie  pressure  is 
supported  by  the  mercury  column  itself.  In  like  manner,  if  the 
pressure  is  increased  to  four  atmospheres,  the  mercury  does  not 
rise  to  three  quarters  of  the  height  of  the  tube,  because  the  pres- 
sure is  in  part  sustained  by  tlie  cbliimn  of  mercury,  and  is  not, 
therefore,  all  transmitted  to  the  conRncd  gas.  It  is  easy  to  cal- 
culate the  exact  point  to  which  it  will  rise  when  the  height  of  the 
tube  is  known,  and  to  graduate  the  instrument  by  inscribing  the 
number  of  atmospheres  at  the  side  of  the  tube.  This  instrument 
is  not  sufficiently  delicate  for  high  pressures  ;  for,  the  volume  of 
the  air  becoming  smaller  and  smaller,  the  divisions  become  pro- 
portionally close  together. 

The  metallic  manotActer  of  Bourdon,  based  on  the  elasticity  of 
metals,  has  been  already  described  (104). 

(1G9.)  Pneumatic  Trough,  —  Tiiis  simple  contrivance,  which 
wo    owe    to    Dr.  e 

Priestley,  for  col- 
lecting and  trans- 
ferring gases,  is 
one  of  the  most 
valuable  instru- 
ments of  chemis- 
try. It  COIlMStS 
usually  of  a  rec- 
tangular trough, 
made  of  glass   or  -'^    /.  .-'•■--    '  -    ,\_  .  \_  .   --.     ■■     - 

of  any  other  suit-  "^  ~ 

able  material,  ui 
which  is  Eut^pcndcd  a  sbcif,  as  represented  in  Fig.  280.     The 


.13 


If  if  per'bnted  witli  ono  or  more  holM,  and  iti  aiider  anribM 
is  coucavo.  Wlicii  in  use,  the  trough  is  filled  wilfa  walar  to  ■ 
level  which  is  ooe  or  two  incbei  above  the  sbetf.  In  wrdw  i»  col- 
loct  a  gas,  a  glass  jar  or  bell  is  first  filled  with  vater,  and  than 
[Jacod  ou  the  shelf  witli  its  mouth  dowitwanls  and  over  the  bob. 
The  tube  conducting  the  gas  is  now  adjusted  ao  that  ila  aMMtli 
•ball  open  under  tlie  shelf,  when  the  gaa,  as  it  eaoapos,  will  babUe 
up  and  displace  the  water  sustained  in  the  jar  bj  the  prwmre  ef 
the  air.  After  one  jar  is  filled  with  gas,  it  somj  be  wand  to  am 
side,  and  its  place  sapplied  with  another,  prerionsl^  filled  with 
v^er,  as  before ;  or  the  jar  may  bo  remoTod  from  the  trough  bf 
sliding  undet  its  open  mouth,  still  immersed  in  water,  a  plala. 
On  lilting  the  pUle  from  tlie  trough,  it  will  hold  sufficient  water 
to  retain  the  gas  in  the  boll  standing  on  tt.  We  can  also  readily 
transfer  gases  from  one  jar  to  another  bjr  filling  the  jar  to  receive 
the  gas  with  water,  placing  its  mouth  over  tlie  hole  in  the  sboU^ 
and  then  pouring  up  the  gas  from  tlte  other  jar. 

A  Tei7  simple  pneumatic  trou^  may  be  made  with  an  e 


war©  basin  of  water,  as  n?presonted  in   Fip,  2ftl.     TIh"  jar 
wliicli  the  gas  Is  to  be  colWtod  can  U-  n>aililv  put  in  i(>  place 
tlic  fulliiwiii^  way.      It    is   fir>t    filUi]    w 
watiT.  kikI    a  glaM    plule    presM^d   with 
hand  over  tlio  iiiniilli.     It  is  then  inrer 
the  mouth  jiliinp't)  iiixlor  the  water  of 
batiin.  ami  tlie  (:ln--N  plivte   n>m<>rcd. 
mouth  of  the  jar  ma;  be  convcniciitlr  FU|)|>iirted  on  an  ioT 
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ttocer,  in  which  two  holee  have  been  perforated,  as  represented  in 
fig.  282.  Through  the  hole  at  the  side  passes  the  end  of  the 
ube  conducting  tlie  gas. 

There  are  many  gases  which  are  absorbed  by  water,  and  in  ex- 
leiimenting  on  these  we  use  a  trough  filled  with  mercury.  Such 
I  trough  is  represented  in  Fig. 
283,  and  two  vertical  sections 
if  the  same  in  Fig.  284.  On 
account  of  the  cost  of  mer- 
cury, the  mercury  trough  is 
made  in  such  a  form  as  to 
economize  as  far  as  possible 
the  metal  In  other  lespects 
it  IB  precisely  similar  to  the 
Water  trough  and  does  not 
!%quire  a  detailed  descnp- 
ion 


'Pv 


I 


In  measuring  the  volume  of  a  gas  standing  in  a  graduated  bell 
iver  tlie  pneumatic  trough,  it  must  be  remembered  that  the  gas 
s  not  exposed  to  the  pressure  of  the  atmosphere  as  indicated  by 
he  barometer,  except  when  the  level  of  the  liquid  is  the  same 
loth  in  the  bell  and  in  the  trough.  When  the  level  is  higher  in 
he  bell,  then  the  pressure  exerted  on  the  gas  is  evidently  meas- 
ired  by  the  height  of  the  barometer  li,  less  the  height  of  a  col- 
imn  of  mercury  A,,,  which  is  equivalent  to  the  difference  of  level, 
f  the  trough  is  filled  with  mercury,  this  height  is  equal  to  the 
llffercnco  of  level ;  if  with  water,  we  can  always  easily  find,  by 
'81],  the  height  of  the  column  of  mercury,  which  is  equivalent 
o  the  difference  of  water  level,  or,  more  readily,  !>y  inspection 
'rem  Table  XIX.  Let  us  call  this  difference  of  level,  reduced  to 
centimetres  of  mercury  at  0°  C,  Ag.  In  order,  then,  to  reduce  the 
27 
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Totamc  of  fitts  to  tlie  sUndtrd  presaure  at  76  c.  m.,  ve  bare,  hj 

[98J,  Uk)  (iruportion 


V:  r'  =  H— *,:7G, 


V^V  ^*^-^ 


0«!) 


Tlio  difTereiico  of  lorL-l  may  always  bo  measured  by  ■  eatbe- 
tomctcr,  or  more  ruiiel;  b;  a  f^radiiated  scale.  Wo  can  abo 
avoid  this  moamiremeiit  by  riukinx 
or  raisiiig  tbe  bell  in  tlie  lfDU|rti 
until  tbe  lercl  is  tbe  same  in  hoili 
(see  Fig.  2R6).  This  ia  not,  how- 
erer,  so  accurate  a  metliod. 


1 


(IT". )  (iiisomrlrrs. — These  arc  instnlmenla  for  collecting 
and  [m-'iTviiiii  larjTT  voIuim'!<  of  pw.  Thry  liavc  various  funuf. 
hut  tliut  ri-fin*M-iiU-<l  in  Fi^r.  -^t>  ia  otic  of  tho  uio>l  unvful.  Ii 
cutl^i^l^  uf  u  ihtM-d  niid  uir-ii);lil  cylindrical  vci>m*I,  A.  mudv  of 
co|i|MT  or  /ill)',  whii-h  in  xuniiounlvd  hy  a  IxiMn,  C.  Thi>  lw!»iii  a 
MijiiHirti'd  nil  the  cyHiiikT  hy  live  coluninti  of  c<>)i|>er,  two  of  wliii  li. 
a  mid  h.  oru  hollow,  nod  fiirnii-hi-d  with  hto)M-ocLs.  Tbe  tulv  .•. 
i>[><-if.  lit  oiu-i>  iiilo  ih<-  ilic  topoflhr  lyliiidcr:  hut  tbe  IuIk-  b.  «i< 
liic  fi.iitrary,  di-.rnil-  quili-  lo  llic  Uitlnin.  At  r,  ibcrv  i>  a  Miw.; 
hlofH'iH'k  fi>r  dniwinL'  »ll'  the  pi!^ :  uiid  at  d,  a  »luirt  curved  tui< . 
KJiiih  .-.II  U-  hi-riiuti.  jjly  ct d  hy  tin-  Mrvw-jilu((  k. 

In  on)<T  Id  iix-  ili<-  iii-lruni>-iit,  uu  conuiiciicc  hy  |wuriii|: 
irnli-r  into  the  l>aMn  ('.  hiivintr  lir^t  cIomh)  the  o(M>iiiii(;  </.  and 
(■[■•iifd  ili<-  MojN'iH-kN  a  and  />.  The  water  now  ttuws  into  llie 
cyliuiliT  hy  (he  lont  Inlw  b.  and  iho  air  eM-ajie*  hy  ibe  luU-  a. 
and  we  euiilinue  jtuuring  water  into  C  until   the  cyliudvr  A  i* 
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completely  filled,  when  we  close  the  stopcocks  a  and  b.  In  order, 
now,  to  fill  the  cylinder  with  gas,  we  open  the  tubulature  A;,  and 
introduce  the  mouth  of  the  tube  connecting  with  the  vessel  from 
which  the  gas  is  evolved.  The  pressure  of  the  air  sustains  the 
water  in  the  gasometer,  and  the  gas,  as  it  bubbles  up,  collects  in 
ike  upper  part,  displacing  the  water,  which  slowly  flows  from  the 
tubulature.  When  the  evolution  of  gas  has  ceased,  we  remove 
the  tul>e  and  close  the  tubulature  d. 

If  now  we  open  the  cock  6,  a  portion  of  the  water  from  the 
Vessel  C  descends  into  the  cylinder,  and  the  confined  gas  is  com- 
pressed by  the  force  of  a  column  of  water  equal  in  height  to  the  dif- 
ference of  level  of  the  water  in  the  two  vessels  A  and  C     Hence, 
oil  opening  the  cock  c,  the  gas  will  flow  out,  and  its  place  will  bo 
supplied  with  water  from  the  vessel  C     Or,  if  we  wish  to  fill  a 
Ijcll  with  gas,  we  first  fill  it  with  water,  cover  the  mouth  with  a 
^lass  plate,  and,  having  inverted  it  in  the  vessel  C,  place  it  over 
^lie  tube  a.     On  opening  the  cock,  the  gas  will  rise  into  the  bell 
dud  displace  the  water  it  contains,  while  an  equivalent  amount 
of  water  will  descend  by  the  tube  b  into  the  cylinder. 

(171.)  Saf ell/' Tubes. — These  tubes,  which  are  frequently 
connected  with  chemical  apparatus  for  the  purpose  of  avoiding 
explosions,  or  preventing  tlie  mixing  of  liquids  which  tlie  vessels 
composing  the  apparatus  contain,  are  excellent  illustrations  of  the 
properties  of  gases.  Let  us  suppose,  for  example,  that  we  are 
preparing  chlorine  gas  from  hyperoxide  of  manganese  and  chlo- 
rohydric  acid,  in  the  flask  A  (Pig.  287), 
and  that  connected  with  this  flask  by  the 
bent  tube  ab  c  is  a  test-glass  filled  with 
a  solution  of  caustic  soda,  ou  which  we 
wish  the  gas  to  act,  and  which  absorbs 
it  rapidly.  So  long  as  the  chlorine  is 
evolved  with  great  rapidity  the  process 
goes  on  with  regularity,  and  the  gas  bub- 
bles  up  tlirough  tlie  solution. 

The  elastic  force  of  the  chlorine  gas  in 
the  flask  is  evidcntlv  greater  than  the 
pressure  of  the  atmosphere ;  because  it 

balances  not  only  the  atmosy)heric  pressure  on  the  solution  of 
caustic  soda,  but  also  a  column  of  this  solution  whose  heiirht, 
a  (Fig.  287),  is  equal  to  the  difference  of  level  between  the  surface 
of  the  liquid  in  the  test-glass  and  the  open  mouth  of  the  gas- 


jt— 


rig.  287. 
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tube  c.  The  pressure  of  the  afmosphere  is  mettured  bjr  H^  the 
height  of  the  column  of  mcrcurj  which  it  supports.  We  maj 
albo  luouiiure  the  pressure  exerted  by  the  column  of  liquid  «  in 
the  same  way  ;  for  when  we  know  its  8|)ecific  gravity,  it  is  easy« 
hy  [^l]f  to  find  the  height  of  a  column  of  mercury  which 
would  exert  the  same  pressure.  Let  ik«  represent  the  height  of 
this  column  of  mercury,  and  (  Sp.  Gr.)  and  (  Sp,  Gr.)*  the  specific 
gravities  of  mercury   and   the   solution  respectively ;  we  shall 

have  a:K  =  iSp. Gr.)  :  ( Sp. Gr.y,  and  A,  =  a  |*J^'J' .      Then 

the  elastic  force  of  the  gas  in  the  l)alloon  is  equivalent  to  a  col- 
umn of  mercury  whose  height  equals  the  sum  of  H  and  k^  or 


fl  =  //.  +  a!f2^>'. 

^  («9/>.Or.) 


[109.] 


U^ 


Ix>t  us  suppose,  now,  that  from  any  cause,  such  as  the  exlian^ 
tion  of  tlie  materials,  or  the  cooling  of  tlie  flask,  tlie  evolution  of 
chlorine  ceases ;  it  is  evident  that,  if  the  solution  continues  to 
absorb  the  gas  contained  in  the  flask  i4,  the  elastic  force  of  this 
gas  will  constantly  diminish,  and  the  pressure  of  the  atmocEphere, 
remaining  constant,  will  cause  tlie  liquid  to  rise  in  the  tulie  b  r. 
If  the  ex{ierimenter  is  present,  he  can  prevent  accident  by  uncork- 
ing the  flask  :  but  if  the  aliMirption  continues,  the  greater  |«rt  of 
the  solution  may  l>e  pressed  over  into  the  flask,  and  the  ex|)eri- 
mcnt  deffuUMl. 

Such  un  accident  can  l»e  prevented  by  adjusting  to  tlie  flask 

the  safety-lul»e  rffr^  having  the  form  rep- 
n.*MMited  in  Fig.  2H8.  Into  this  tulic  we 
{Kiur  a  (juaiitity  of  tlie  Muiie  liquid  which 
is  contained  in  the  fla>k,  and  which  in  the 
prt'MMit  rase  would  Ik)  cblorohydric  acid. 
Whfu  the  pnH*ess  is  going  on  regtilariy, 
anil  (he  g:us  is  escaping  from  the  mouth  of 
th<*  tu)*e  i\  the  tension  of  the  gas  in  the 
li.i^k  will  rais«»  a  column.  A,  of  chlorotiy* 
ilrir  aiiii  in  the  tuU*  f fr.  which  must  dc- 
ri»«.*arilv  r\«»rt  a  pn»«»sure  equal  to  this 
t«Mi».ion  b'-s  the  pressure  of  the  air  on 
tb«'  top  «»f  t\u^  rolunin.  Ilen<M»  by  (10»*} 
tbi*  pn»-*un»  i-  inen*«un'd  by  a  «(»luniii  of  mercury  which  e«|uaU 

a  [T^J."[.      Moreover,   if  (Sp.Gr.)'   represents   the    specific 


fH  a« 
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^vity  of  the  acid,  a  -column  of  mercury  exerting  an  equiva- 
«it  pressure  will  also  be  equal  to  h^.£'  S'^  ,  and  we  shall  have 


*  {Sp.Gr.)  ~  **  {Sp.Gr.)  ' 


If  now  the  evolution  of  gas  ceases,  and  the  tension  of  the  gas 
in  the  flask  becomes  less  than  the  pressure  of  the  atmosphere,  as 
Defore,  tlie  liquid  will  rise  in  tlie  tube  b  c.  But  it  will  also  fall 
iu  tlie  tubeg*/;  and  if  the  parts  are  properly  proportioned,  the 
chlorohydric  acid  will  fall  to  the  lowest  point,  /,  of  the  safety- 
lube,  before  the  solution  reaches  the  point  6,  when  air  will  enter 
the  flask  by  the  safety-tube  and  prevent  any  accident.  A  bulb  is 
blown,  at  the  point  ti,  sufficiently  large  to  hold  all  the  liquid  con- 
ained  in  the  tube/g* ;  and  the  air,  in  entering  the  flask,  bubbles 
hrough  the  liquid  in  this  bulb. 

This  safety-tube  is  also  a  security  against  the  bursting  of  the 
task.  It  not  unfrequently  happens,  in  experiments  similar  to 
lie  one  just  described,  that  the  mouth  of  the  exit-tube  becomes 
logged  by  a  deposition  of  solid  matter.  If,  now,  the  evolution  of 
^  continues,  the  pressure  rapidly  increases  on  the  interior  of 
he  flask,  and  soon  becomes  greater  than  the  thin  walls  of  the 
vessel  can  resist,  when  an  accident  would  result.  A  safety-tube 
effectually  prevents  such  a  possibility ;  for  when  the  tension  of  the 
ras  becomes  much  greater  than  the  pressure  of  the  atmosphere, 
:he  liquid  will  be  driven  out  of  the  safety-tube,  and  the  gas  can 
then  escape  freely  into  the  atmosphere. 

The  safety-tube  also  enables 
us  to  introduce  liquids  into  the 
flasks  during  the  experiment, 
without  removing  the  cork. 

When  the  vessel  used  for  mak- 
ing gas  is  a  retort,  the  safety- 
tube  may  be  attached  to  the  exit- 
tube,  as  .represented  in  Fig.  289. 
This  peculiar  form  of  safety-tube 
is  called  Welter'' s  tubey  from  the 
name  of  the  chemist  who  in- 
vented  it. 

In  making  hydrogen  or  car- 
bonic acid,  we  frequently  use  a  two-necked  bottle,  such  as  is 

27  • 


Fig.  289. 
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represented  in  Fig.  290.  The  safetjr>lulM!  mar  tlicn  be  «  fii^ 
Btraitflit  tiilw  Etiirmouiited  hy  b  funnel,  uid  dipping  a  rfTiuilU- 
meires  bcluw  llie  eurfuce  of  tlie  litiuid  in  tlic  Iwttlc.    If.  u  L«- 


fore,  we  pnss  tlic  pas  into  s<»mc  solution  conUinod  in  «  tc»t-cl^ 
(Pi^r.  '"M  ),  the  tension  of  tliu  pas  in  the  Iwllle  will  raiite  a  mlut^ 
of  liituid,  A,  in  the  Mifuty-tnW,  wltoec  liHplit  will  l«ar  tlw.'  *aiM 
pro|H>rtion  In  that  of  tlio  column  a  (Fip.  llsi')  which  the  !-|ieciM 
gravity  of  the  liijiiid  in  the  test-plasti  ha.t  to  that  in  the  loitilc. 

It  not  nnrn.>«|uvn(ly  linpitcns,  thut  wu  wish  tu  trun^mil  (lit>  saitf 
giu  through  a  M-ries  of  t)a^ks  containing  the  same  or  JiA>reM 
Bolutiuns.  Let  \i»  mi|i)>om>  that  we  used  the  amiiiienivnt  - 
tlircti-neckud  Ivtilos  rfprviFciiti.'d  in  Fig.  '2'.*i,  containing  rolutiw 


wl.i.-h  »U..rh  riM-  irao  <-v..lv.-d  from  tin-  rhi-k  A.  and  l.-i  n 

in.'  whiU  wouM  1-  111.-  l.-iiHuii  uf  th.-  ir.i-  in  ll.--  micw-m 

The  pis  in  th<-J:ir  /■."  ir«nnniiii.;il."*  ilir.-.tl 

tlir»nch  iht>  (iiU>  «.  nn<l   it-  (•-n>i«ii  i^  (Ik- 

th-  hoiirht  ..f  111-  l.:ir..nt.t.r.  <.t  II..     Tl,- 

Ih-  j«r  /)  niu'l  .-vLI-iitly  I-  n»ii-nn-d  hy  il 

height  of  a  cohnnn  of  mercury  wliicli  is  vm 


111-  Mic.t-^i»..  i«r*- 
wiih  thi>  uiino^plifrv 
fi.n*  n-pn-M-nltil  \-r 
ii'iuii  iif  tlie  pw  in 
h-ight  //.  pliio  Uie 
ulent  to  tlie  culumu 
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of  the  liquid  in  the  jar  Ey  indicated  by  a""  in  the  figure.  In  like 
maDDer,  the  tension  of  the  gas  in  the  jar  C  will  be  equal  to  the 
tension  in  D  plus  a  quantity  which  is  measured  by  a  column  of 
mercury  equivalent  to  a"' ;  and  so  on  for  C  and  B,  Finally,  the 
tension  of  the  gas  in  the  flask  will  be  equal  to  the  tension  in  B  plus 
a  quantity  which  is  measured  by  a  column  of  mercury  equivalent 
to  a'.  If,  then,  we  represent  the  specific  gravities  of  the  liquids  in 
the  four  bottles  by  rf',  rf",  rf'",  and  d"",  and  that  of  mercury  by  4, 

we  shall  have  for  the  equivalent  mercury  columns,  a'  --,  a"  -j, 

a'"  — -    and  a""  -r-  .     The  measures  of  the  tension  of  the  gas  in 

o  o 

the  four  bottles  and  the  flask  are,  then,  as  follows  :  — 

In  the  bottle  E....  Hq, 

gjitii 


u 


d  d 


u 


«      -B       Ht  +  a""  _  +  o'"  ^  +  a"  -  . 

d  d  d 


Jim  gjiii  fill  Ji 

In  the  flask  A        ^o  +  a""  —  +  a!"  ?L  -f  a"  -  +  a'  -.   [110.] 

If,  now,  the  evolution  of  gas  ceases  in  the  flask,  while  the  ab- 
sorption continues  in  the  bottles,  it  is  evident  that  there  will  be 
et  transfer  of  liquid  from  right  to  left  through  the  bottles,  and 
from  the  first  bottle  to  the  flask  ;  or,  on  the  other  hand,  if  either 
^f  the  tubes  6  c  . . . .,  6'c' . . . .,  should  become  clogged,  the  pressure 
would  increase  indefinitely  in  the  apparatus,  until  one  of  the  ves- 
sels in  front  of  the  obstruction  bursts.     This  would  usually  be 
the  flask,  because  it  is  weaker  than  the  rest.     Both  of  these  dan- 
gers may  be  avoided,  by  arranging  the  apparatus  with  safety- 
tubes,  as  represented  in  Fig.  293  ;  for  then,  if  the  pressure  in 
the  bottles  or  flask  becomes  considerable,  a  portion  of  the  liquid 
will  be  forced  out  at  these  tubes ;  or,  on  the  other  hand,  if  it  be- 
comes much  less  than  that  of  the  atmosphere,  air  will  bubble  in 
tlirough  the  same  channels. 

When  the  gas  is  flowing  freely  from  the  flask  through  the 
apparatus,  and  bubbling  in  each  bottle,  it  is  easy  to  calculate 
the  heights  to  which  the  liquid  will  rise  in  the  safety-tubes, 
since  the  tension  of  the  gas  in  the  different  parts  of  this  ap- 
paratus must  be  the  same  as  in  the  other.     For  example,  the 

d"' 
tension  of  the  gas  in  2)  is  measured  by  B^  -}"  ^"'*  "t*  5   ^^^*  ^^ 
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must  also  1>e  mcasur»l  hj  H,  plus  a  column  of  Diercur?  eqw-  '** 

aleiit   to   the   column  of  liquid   A"'  in    tlic    wfcty-tulic.      T*-"* 

votuiun  or  mercury,  as   is   cTidcnt   from  what  lias  liecn  »M^ 

u  U([uul  to  A"  ~  ;  and  hence  we  hav©  h'"  -j-  ^  *""  ~t~  » 

rf"" 

or  h"'=a"'y^. 

Aiid  ill  Uke  maiiiior  wc  can  easily  find 

.,  ..'!•,       ...<f    ,      ....d- 

=  °  J  +  "  f  +°  j'  +  '  r-     t'l'l 

The  a|i{iaratua  thus  conBtru(,-t<:d  is  usually  called  \l'uolf"i  appa- 
ratus. 

{\~'2).   t^ip/iim.  —  Tlio  iiniicljtle  of   lliis  well-known   imtni- 

mi'iit  i.H  illu^l^ut(^'tl  by  Fin-  '"M.     The  bi|ihun-tulio  obe  u  filltti 

with   thu   Minic   liijuid  aa   tlic  two  ttcakor- 

•^  tclu'-'^'s  in  which   its  ends  art-  di|>|>od.  aiid 

^  :»h-  W^^v       t'><''   li'|>^><'  >*  ttL'tainvd  in  the  tul>e  hy  iIm 

iM    i^H        i>n><«un.-  of   the   air.     If   the  level  uf   iIh: 

I^H     IHH        '■■l»i'l  ill  l'"'  ^*'"  vcnM-l)'  is  on  Uiu  saroehon- 

^^^^_J^H|_      UiiituI  |iluim,  it  is  evidi-iit  that  tlw  column* 

ni  »i.  of  liquids  iu  tlie  two  legs  of  the  iipbou  «iU 
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are  the  same  vertical  height,  and  will  be  in  equilibrium.  If, 
owever,  the  liquid  stands  at  a  lower  level  in  one  vessel  than  in 
le  other,  as  in  the  figure,  then  the  two  columns  of  liquid  in  the 
!gs  of  the  siphon  will  not  have  the  same  height,  and  a  difference 
f  pressure  will  result,  corresponding  to  the  difference  of  level. 
In  order  to  ascertain  what  will  be  the  result  of  this  difference  of 
rcssuro,  take  a  section  through  the  tube  at  the  highest  point,  6, 
\\d  consider  the  amoimt  of  pressure  on  the  two  faces  of  this  see- 
on.     On  the  face  towards  the  vessel  a,  this  pressure  is  equal  to 

10  pressure  of  the  atmosphere  (measured  by  the  height  of  the 
irometer),  or  H^y  less  the  pressure  of  a  column  of  the  liquid  used 
hose  height  is  equal  to  the  difference  of  level  between  b  and  the 
irface  of  the  liquid  in  the  vessel  a.  Let  us  represent  the  height 
'  a  column  of  mercury  which  is  equivalent  to  that  of  the  liquid 
'•  Ap,  and  the  surface  of  the  section  by  s.  We  shall  then  have, 
r  the  pressure  on  this  surface  of  the  section,  the  value 

f  =  5(//o  — A.).  [112.] 

11  the  surface  of  the  section  towards  the  vessel  c,  we  have  for 
10  pressure  a  value 

f'=5(lZ:— A'o);  [113.] 

i  which  A'o  represents  the  height  of  a  column  of  mercury  which  is 
|uivalent  to  a  column  of  the  liquid  used  wliosc  hciglit  is  equal 
)  the  difference  of  level  between  b  and  c.  AVlicn  the  level  of  tlio 
quid  is  the  same  in  both  vessels,  it  is  evident  that  Ay = A'o.  Hence 
le  pressures  on  the  two  surfaces  are  equal,  and,  as  already  stated, 
lere  will  be  an  equilibrium.  If  the  level  in  the  vessel  c  is  lower 
lan  in  a,  then  Ao<A'o,  and  11^  —  /iq^Hj  —  A'q.  There  will, 
lerefore,  bo  an  excess  of  pressure  in  the  direction  of  the  vessel  c 
\\\a\  to  h'o  —  Ao,  which  will  cause  a  constant  flow  of  liquid  in 
le  direction  of  the  greatest  pressure.  This  flow  will  continue 
ntil  Au  =  A'o,  or  until  the  level  is  the  same  in  both  vessels.  If 
le  vessel  c  is  removed,  then  A'o  represents  the  height  of  a  column 
f  mercury  equivalent  to  a  column  of  the  liquid  used  wliose 
eight  equals  the  vertical  distance  between  the  mouth  of  tlio 
ibe  and  b.  If  this  mouth  is  l>elow  the  level  of  the  bottom  of 
le  vessel  a,  it  is  evident  that  A©  can  never  equal  A'o ;  and  hence 
le  flow  in  this  case  will  continue  until  the  surface  of  the  liquid 
i  the  vessel  falls  below  the  mouth  of  the  tube  at  a.  It  is  evi- 
3nt,  that,  other  things  being  equal,  the  velocity  of  the  flow  will 
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depend  on  tho  diflcrcnco  between  k\  and  h^    In  tlic  ordin 
method  of  using  a  Fiplion,  as  n.*prcsonted  in  Fig.  294,  thb  difli' 
cncc  is  constantly  diminishing;  and  hence  the  velocitj  of  the 
is  eonstiintly  diminishing. 

Tho  siphon  is  frec]uently  employed  in  tho  labormtonr  for 
canting  liquids.     Before  using  the  instrument,  it  is  nccessmnr  %u 
fill  it  with  tho  liquid  to  1x3  decanted.     If  this  liquid  is  water, 
hiphon  is  easily  filled  by  closing  tho  end  of  the  sliori  leg  with  tli 
finger,  and,  after  inverting  the  instrument,  hy  |iouring  in  water 
the  other  end,  the  air  lieing  allowed  to  esca|ie  from  tlio  »hort 
hy  lifting  for  a  moment  the  finger.     When  tho  tuho  is  filled* 
can  easily  l»e  reversed,  and  the  end,  still  closed  with  tho  fin 
plunged  under  the  liquid  in  the  vessel ;  when,  on  remoTiog 


finger,  the  water  will  l»ejrin  to  flow.  The  siphon  can  also  l»e  filled 
by  dippinir  tli<*  (Mid  <>f  th<*  short  l«^g  in  the  liquid,  and  ^uokin|^ 
out  tjie  air  from  tli«*  otlnT  Irg  witli  tin*  month.  In  the  luUira- 
ttiry,  the  siplion  i»»  lYftjih'iitly  ummI  for  divanting  cornw»ivo  li«|uid; 
and  it  i**  tlit'n  ii«'ce>Miiy  to  n»M)rt  to  \ari(»iis  cimtrivances  for  fill- 
iiit:  it.  The  oiH'  p'prrM'ntfd  in  Fi^.  l!l*.*»,  whieh  can  easily  1* 
made  of  pla»*s  tul»*»s  and  rork,  i«»  <»iio  of  tlie  Um.  The  short  leg 
i*»  plitnir«Mi.  n%  u^ual,  into  tli«»  liquid.  The  end  of  the  l«»np  K*g  is 
then  rloM'd  liy  tht*  finir»T,  wliirli  rnn  Ih»  pn»t<M*te<l  by  a  pii*ce  of 
Indiii-rublnT.  and  the  air  is  ^u^ked  out  by  the  mouth  applied  at 


^ 
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the  end  of  l!io  side  tube.  As  soon  as  the  liquid  descends  into 
tliQ  enlargement  at  tlio  end  of  the  loug  leg,  the  iingcr  is  with- 
drawn. 

(173.)  Mariotte's  Flask.  —  It  is  sometimes  important  to  ob- 
tain with  the  siphon  a  uniform  flow  of  liquid.  This  can  bo  easily 
secared  by  means  of  tlie  apparatus  represented  In  Fig.  296, 
called  Mariolte' s  Jlask,  It  consists  of  a  bottle  with  two  necks, 
into  one  of  which  a  straight  tube,  and  into  the 
other  a  bent  tube,  have  been  adjusted  air-tight, 
both  reaching  nearly  to  the  bottom  of  the  bot^ 
tie.  The  siphon-tube  is  HUed  by  blowing  in  air 
Ihrongh  the  straight  tube,  when  the  flow  contin- 
■nes  of  uniform  velocity  until  the  surface  of  tho 
liquid  in  the  bottle  has  fallen  to  tho  level  bed, 
the  air  constantly  enteiing  the  bottle  by  tho 
straight  tube  at  b. 

It  can  easily  be  shown  that  tho  flow  in  this 
case  must  be  uniform  in  velocity.  Consider,  as 
before,  a  section  through  the  siphon-tube  at  the  highest  point. 

Tho  pressure  on  the  surface  of  tins  section  towards  o  is  evi- 
dently 

/'=,(a_A'.);  [lU.] 

where  h't  is  the  height  of  a  column  of  meroury  equivalent  to  a 
column  of  tlie  liquid  used  whose  height  equals  tlie  vertical  dis- 
tance from  o  to  the  centre  of  gi-avity  of  the  section. 

Tho  surface  of  the  section  towards  c  is  evidently  exposed  to 
the  pressure  exerted  by  the  confined  air  on  the  surface  of  the 
liquid  in  tho  bottle,  less  the  pressure  of  a  column  of  tlie  liquiil 
whose  height  equals  the  vertical  distance  between  this  surface 
and  the  centre  of  gravity  of  the  section.  If  we  represent  the 
tension  of  the  conlincd  air  by  Q,  and  the  height  of  a  column 
of  mercury  equivalent  to  the  column  of  liquid  by  h"„  we  easily 
obtain  for  the  pressure  on  the  surface  of  the  section, 

*  =  .(9-4".). 

Wlien  the  apparatus  is  in  use,  and  air  is  freely  entering  through 
A,  it  is  evident  that  the  pressure  of  tho  atmosphere  at  b  is  bal- 
anced by  the  pressure  of  the  confined  air  on  the  surface  of  the 
liquid,  and  by  the  pressure  of  the  column  of  liquid  above  b. 
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R«'prc>B«'iiliiiR  tlio  cqnivnlctit  of  this  column  in  contimctm  bf 
lucn-iiry  Uy  h''„  and  the  livi^lit  uf  tlio  iHtroniotcr  by  /^  w«  w- 
taiii  JI.  =  C)-r  A"'. ;  uml  Iij-  ttnhstitutiou, 

/  =  »[//,_  (A ;+A';)].  [115.] 

Suhtracliiig  from  this  raluo  [114].  *e  ohiain 

/-/-  =  ,  [A;-  (A'.+  A";)].  [IM.] 

The  value  h''t-i-  A^.K-prcsciits  the  height  of  a  column  of  m-r- 
ctiry  o<|uiTaIeiit  to  a  culumn  of  lUc  liiguid  used  wlmsc  hci^l.t 
otguals  the  vurticnl  di»tuiico  Itclwcini  e  ond  the  centre  of  prariiy 
«)f  the  Kt'tion.  As  thiii  heifclit  rcinaiii!!  coiii-tiuit,  *tid  is  itidi-[B-ii- 
dvnt  uf  the  hoif^ht  of  the  Utpiid  iii  tlio  bottle,  it  is  evident  that 
(he  dilTvrciice  uf  jire!>!>ure  [11<'>]  «)iii.'h  dvtunuiiies  the  vflititT 
of  the  flow  will  also  l>c  constant.  It  i»  alw  evident  that  the  dif- 
fiTcnci*  of  {irc^^xure  is  ulwiiys  e(|nul  to  a  cuhiiun  of  the  lii[tiid 
nseti  wliin-e  hi'ifrlit  (.tiiiitls  the  difli-n-ute  of  Icvfl  between  b  siid  o. 
\  vi'iy  iiM'fnl  u)>|ilio:ilion  of  Mariotte*s  l>ottle  is  re])n-»>otiti->l  in 
Fijr.  :;'.'7.  It  is  ri\Njntutly  necessarj',  in  the  laboratory,  lo  wa*h 
for   several   lionrs. 


davs, 


r   even 
',  a  |>nvi|>i(atc  vliioh  Itu 
Ix-en   ndlccieil  on    a    filler. 
ThU  in  done  by  ke*-|tini;  Iho 
filter  coiiF-tuiilly  full  *•{  wa- 
ti-r.  which  dnwly  {M-re<iUt>><> 
through  the  [xirous  ni:i-t  lui 
the    filler.    Olid    wuslx-o    out 
evrrylliini.'  wliirh  i"  •■..|ul.|-. 
Mariotto'!!    lH>itle    fnmi-lK-^ 
iin    iiiiliimalic     ninehiiK-.    )-y 
hhirh  (he  water  in  tin-   fil- 
tiT  eun   lie  niaiiitaiiKil  at  a 
isliint  lovrl.     The  <ii«|-.-i- 
II  of  the  a|>|Kiratii»  i*>  •tif- 
Mllv  rxj.lain.d  l.v  the  fic- 
"*-"  III-.-.     Th.-dilV.-r.-i»-....fIe*.-l 

Ix'lwtH'u  h  and  o  !•>  niad>-  very  Miiult.  ninl  the  uiiler  tloii*  fn>ni 
|Im<  t-.ll|.-  !••  til.-  filt.T,  until 'iIk'  \.m\  ri^-<Io  th«l'>«erd.>tl.-<l 
lini"  in  ihi-  liirnn*.  Tin-n  the  li.jw  caw,  ImiI  nvuiuuicnce*  oi 
<M..ri  U!.  the  levi-l  falU. 


J^ 
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The  principle  of  Mariotte's  bottle 
is  also  applied  to  produce  a  aiiiforiu 
flow  of  air  through  the  tube  apparatus 
vhich  is  frequently  used  iu  chemical 
analysis.  Fig.  298  represents  what  is 
termed  an  aspirator  jar.  The  tube, 
which  passes  (ur-tight  through  the 
cork  in  the  neck,  has  a  free  communi- 
cation with  the  atmosphere,  and  the 
current  of  air  is  caused  by  the  flow  of 
water  from  ttia  cock  Bt  r.  The  veloci- 
ty of  the  flow  of  water  from  the  cock, 
other  things  being  equal,  depends 
upon  the  pressure  exerted  on  a  sec- 
ioQ  of  the  stopcock  ;  and  it  can  easily  be  seen  that  this  will  he 
lie  same  until  the  level  of  the  water  in 
:he  jar  has  fallen  below  the  mouth  of  the 
tube  r. 

(174.)  Wash-Bottle.  —  This  simple  in- 
strument (Fig.  299),  which  is  so  much 
used  in  the  laboratory,  is  one  of  the  most 
useful  applications  of  the  properties  of  gas- 
es. By  condensing  the  air  over  the  water 
in  the  bottle,  by  blowing  in  at  the  tube  ci, 
the  liquid  is  forced  out  at  o  in  o.  fine  jet, 
which  can  be  directed  at  pleasure. 

Machines  for  Rarefying-  and  Condensing-  Air. 
(175.)  The  Air-Pump.  —  0:ic  of  the  simplest  forms  of  the 
air-pump  is  represented  in  Fig.  SOO.  It  consists  of  a  hollow 
brass  cylinder,  in  Hliich  a  piston  moves  readily  up  and  down  by 
a  handle  attached  to  the  piston-rod  above.  The  inner  i-urface  of 
the  cylinder  is  perfectly  smooth  and  true,  so  that  the  iilt^ton, 
which  is  formed  of  yielding  materials,  moves  air-tiglit  througli 
its  whole  coui-so.  Moreover,  the  under  surface  of  the  piston  fits 
exactly  the  bottom  of  tlie  cylinder,  so  that,  when  the  piston  is  in 
the  lowest  position,  tliere  can  be  no  air  between  it  and  the  cylin- 
der iKittom.  The  upper  end  of  the  piston  is  closed  by  a  brass  cov- 
er, through  which  the  piston-rod  posses  freelv,  and  the  atmosphere 
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has  freo  accen  to  Uie  apper  surfftoe  or  the  piston.  The  low«r  « 
of  tlw  cylinder  opens  into  a  nsrrov  tube,  which  oooneeU,  at  a 
flod,  with  Uie  glaas  bell  oa  the  plate  of  the  air-pump  tfaroogh  tl 


-  4i     aL^S|^==4^J' 


n(  an. 

Floprock  V,  nii'l  at  llic  ollior,  wiili  tliu  atino$|ilion<  through  lb 
i>(o]H-<ick  ;>■     Jii>t   1n.-I<iw  the   lx)tt')iti  uf  llie   cylinder  Uiorv  < 
[ilarvd  a  ^tll|>c^«■k  of  |«fiiliur  ct)n^t^Ul■ti<)Il.      The  core  of  i! 
cin-lt  is  l>»)nii  with  two  ImU-^,  cme  ufwhioh  ho«  the  same  [■•*ili. 
a»  ill  unlinary  htojK'iN'kii,  mid  as  is  k)iuvu  id  tliu-  fi^rurc.     TImt  | 
^iti■li|  of  tliu  wrotid  is  hli<iwii   in   ilic  i-mtti)  Ecctiuii  at  tltc  n 
When  tliu  ctM-k  hun  tlie  |H>>iti<in  iiii)i<-tit(Hl  in  tliu  main  fi)n 
ttiiTo  ii  a  liinit  c»>iiiniti<iii  iM-mf^-n  ttie  inlt-rior  of  ilio  cylii 
and  tilt-  plii^s  Ix-ll.     If  tlie  <-iH-k  U.'  iiuw  tiinif<l  tliroufrh  nincti 
tiTfi'f.  till  it  l;iki»  tlir  iMisitit.li  sluiwri  in  the  Miiiill  M-ctiuii,  tin* 
iiti-titin  with  ttit:  pUif^  Mi  will  Im-  t-|<»<-i|.  Qiiil  dinn-t  ronmiti 
tiiiii  with  lliu  atiiiii*|ihi-n'  i)|M-hi'i|  lliniiiL'h  tlif  i-lianni-l  s  r. 
(.■liaiiiK-1  r  m  i>\tt'Hf  m  tlie  n-ntre  uf  a  nmmi  |>liitc  made  of 
or,  Rtill  Uit.T  f.ir  fliciiiifal  iin.'».  t.f  plu--*.    Tlii^i  [ilnie  is  frroti 
its  ujn^T  lurfaco  perfectly  |.lane.     Tlie  luwtr  viigva  of  tin 
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bell-receivers  are  also  carefully  ground,  and  may  be  made  to 
adhere  air-tight  to  the  plane  by  interposing  a  little  oil. 

The  principle  of  the  air-pump  can  now  be  easily  explained. 
Let  us  suppose  that  the  piston  is  in  its  lowest  position,  and  that 
the  stopcock  is  in  the  position  represented  in  the  figure.    If  now 
we  draw  up  the  piston  by  the  hand,  the  air  contained  in  the  bell- 
receiver  and  in  the  tube  connecting  it  with  the  cylinder  will 
expand  luitil  it  fills  the  cylinder ;   and  its  volume  being  thus 
increased,  its  density  will  be  proportionally  diminished.     Let  us 
next  turn  the  stopcock  q  into  the  position  represented  in  the  sec- 
tion.    The  bell  is  thus  hermetically  closed,  but  a  connection  is 
opened  between  the  cylinder  and  the  atmosphere.    Now,  on  press- 
ing down  the  piston,  all  the  air  in  the  cylinder  will  be  forced 
into  the  atmosphere.     The  stopcock  may  then  be  turned  back 
to  its  first  position,  and  the  same  motion  repeated,  which  will  fur- 
*ther  rarefy  the  air  in  the  bell ;  and  thus  the  process  may  be  con- 
tinued until  the  required  degree  of  exhaustion  is  obtained. 

(17G.)  Degree  of  Exhaustion.  —  It  is  obvious  that  the  effect 
of  the  air-pump  depends  upon  the  expansive  force  of  air,  and 
Uiat  each  motion  of  the  piston  is  accompanied  with  a  certain 
amount  of  expansion  of  the  air  in  the  bell.  This  amount  is  evi- 
dently determined  by  the  size  of  the  cylinder,  as  compared  with 
that  of  the  bell  and  the  tube  leading  to  it.  With  these  data,  we 
can  easily  calculate  the  degree  of  exhaustion  after  each  stroke 
of  the  piston. 

Let  us  then  represent  the  volume  of  the  bell-receiver  and  of  the 
tube  connecting  it  with  the  cylinder  by  F;  and  that  of  the  cylin- 
der itself,  when  the  piston  is  at  its  highest  position,  by  v.  Let  us 
suppose  that  the  piston  starts  from  its  lowest  position,  and  let  us 
take  the  quantity  of  air  contained  in  the  receiver  and  the  tul)e  as 
unity.  When  now  the  piston  is  raised,  the  volume  occupied  by 
this  quantity  of  air  (taken  as  unity)  becomes  V  -{-v.  When  tlie 
stopcock  is  turned  and  the  piston  lowered,  the  volume  v  is  ex- 
pelled, which  is  a  portion  of  the  original  quantity  (or  unity) 

represented  by  7/377  *     ^^^^  piston  is  now  in  its  initial  position, 

and  the  quantity  of  air  remaining  in  the  receiver  and  tube,  after 
the  first  stroke,  is 

1— nr-.=  K-+-.-  [11^-] 
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Revcrbiiig  tho  stopcock,  and  raising  again  the  pbton,  this  qittfr* 
tity  of  air,  -t-  •  -  ,  occupying  tho  vohimo  F,  expands  to  the  Tg|- 

umo  r+t*.     When  iho  piston  descends,  tho  rulume  r  it  ex- 

r                                        V                       rV 
polled,  which  is  t»".—  ^f  the  whole,  or  of  -».,—  ;  that  is, , 

of  unity.     There  remains,  therefore,  after  tlie  second  f troke, 

r  r  r  J'' 

At  the  third  stroke  of  the  piston,  the  same  proportion  of  the  tir 
now  remaining  is  ex|)clled  as  before ;  and  there  is  consequcutlj 
left,  after  tlie  third  btruke, 

l'3      _     rV^     _      r« 
la  like  manner  there  will  remain,  after  the  nth  stroke, 


[119.] 


[120.] 


If,  for  examplo,  the  vohime  of  the  receiver  is  ecpial  to  ten  lilrw, 
and  tliat  of  the  cylinder  to  one  litre,  we  shall  have,  for  tlie  aniouut 

of  air  left  after  the  fiftieth  stroke,  -   ^  =  O.OO80   of  tlie  original 

quantity. 

Since  the  vahie  of  [l-O]  never  can  InMNmie  zero  until  «  =s  x. 
it  is  i*\idrnt  ilial  w«'  can  nev«T,  cv<mi  tlieon'ticallv,  hv  m«*an>  cf 
the  air-pump,  cxiKiust  the  wlmh'  of  tlie  air.  Nevertheless,  il..x- 
n'tioally  we  ouj^hl  to  Im?  al»le  to  approach  a  jxTfivt  vacuum  in- 
(h'linitt'ly  l»y  ctintinuinj^  tlie  pnHM»H>  for  a  ^uflicienlly  lonir  tini«*. 
Praclicallv,  liowcviT,  llio  limit  i'^  s<hiii  nMirluHl  ;  and  even  m;ih 
the  U?st  pump*«,  wn  can  nrvrr  ol'tuiu  a  drtrn^i*  of  exhau^tio-.i 
frn^ator  than  that  wImmi  xQli.itli  of  tin*  original  tpiantity  of  air  i« 
h'ft  in  the  nnviviT.  It  is  not  ditVn-ult  to  explain  the  cauM*  of  tin* 
(liM'n*pancy  IhIw«mmi  tho  tli<*or<'ti('al  an<l  the  practical  n»«»ullH. 

In  anv  mat*hinc,  however  w«*ll  nia«l»\  then*  must  l»o  a  numUT 

m 

of  joints  which  an*  n<*ver  ahsohiiely  hermetifal.  There  uxv  fn^ 
quenlly,even  in  tlio  m«»tal  it^<•lf,  ini|>*'n*epiil.I«r  |)on'smhieh  tninv 
mit  air.  Ourin^r  tho  fir^^t  few  ^trokov  of  tho  pi-^ton,  this  minute 
leakatro  pHwluct's  no  jM»nu»jiiiMo  eflfect  ;  l»nl  whon  we  attain  a  hijrfa 
deirn'o  t>f  c\liau*»ti»»n,  the  air  entops  hy  ihc>e  minute  crevices 
fast  as  we  can  remove  it  by  the  pump. 
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But  besides  tbis  imperfectiou,  tbe  capability  of  tbe  iiiBtniment 
is  limited  iu  still  auother  way.  In  calculatiug  tbe  degree  of  ex- 
hatistion,  we  supposed  that  at  each  descent  of  tlie  piston  tbe 
whole  of  the  air  was  expelled  from  tlie  cylinder ;  and  tbis  would 
be  the  case,  if  tlie  base  of  tbe  piston  adhered  exactly  to  the  base 
»f  the  cylinder.  Iu  practice,  liuwever,  tliero  is  never  an  absolute 
adhesion  ;  aud  a  small  amount  of  air  remains  between  the  two, 
which  no  force  applied  to  the  piston  is  able  to  expel.  When, 
therefore,  after  working  the  pump  for  some  time,  tliis  small 
amount  of  air,  expanded  through  the  whole  interior  of  the  cylin- 
der, exerts  a  pressure  equal  to  that  of  the  air  remaining  in  the 
receiver,  it  is  evident  that  the  air  from  the  receiver  can  no  longer 
expand  into  the  cylinder,  and  the  pump  will  cease  to  exhaust. 
But  although  a  perfect  vacuum  can  never  be  obtained  with  an 
air-pump,  yet  a  sufficient  degree  of  exhaustion  for  all  practical 
Purposes  is  easily  Attained. 


(177.)  Air-Pump  with  Valves.  —  Tlie  form  of  air-pnmp  de- 
(cribcd  in  (175)  is  exceedingly  simple  in  its  construction,  and  not 
iable  to  get  out  of  order.    It  is  therefore  well  adapted  for  use  in 


SCO 
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the  cliomist's  laboratory^  where  it  in  exposed  to  Tspor*  whkh  an 
likely  to  injure  any  delicate  valves.  It  is  open,  however*  lo  twt 
serious  objections,  lu  the  first  place,  tlie  stopcock  g  mnft  W 
tunied  by  tlie  hand  at  each  stroke  of  the  piston ;  and  altkonik 
this  motion  may  be  obtained  by  means  of  cranks  and  leven,  j«c 
this  machinery  renders  the  instrument  unnecessarily  oomplkaiei 
In  the  second  place,  the  piston  must  be  raised  through  the  vhok 
length  of  each  stroke,  against  a  great  pressure  of  air,  whkk 

rapidly  increanei  ti  ibr 
exhaustion    proceeds^  is 
objection  which  woald  be 
very  serious  in  a  lirp 
pump,  rcnderiiig  a  pvil 
force    necessary  U>  vork 
it.     Both  of  these  diflknl- 
ties  are  overcome  iu  tbe 
pump  represented  iu  Fic- 
SOI.     A   section  of  tlku 
pump   is   reprcsenitfd  i» 
Fig.  302,  and  the  d^ruil^ 
of   tlie    up|ier    valTc   t* 
Fip.  303. 

In  this  air-pump  Uwr*** 
arc  three  valvc^,  all  i»|vii^ 
ing  upwards :  one  at  tb^ 
lx>ttom  uf  the  cvhnd^r^ 
covering  the  mouth  o^ 
the  tul»e  connivtinir  wittr' 
the  recoivor  (<i  in  Fic- 
Wi);  one  at  the  t«»p  cS 
the  piMon,  A.  covitihj:  iIh-^ 
huh*!»  |MTf(»nited  thn«ui;t.' 
it :  and,  finally,  one  at  the ' 
lop  of  the  cylindor,  r.  ci><— 
rriiiL'  th<'  fi|MTtnn»  which  njMMi**  into  tho  atnio>ph«'n».  The  pi^ton- 
i«m1  |i;i-^«>  thnniv:li  a  ji:nkiiii:-lH»x,  h,  in  whiili  it  niovc^  air-ti^lit*. 
aii«l  ill*'  jNiwiT  i**  iipplii'd  to  tli»'  pi>t4>u-nMl  by  moans  of  a  lever- 
Mhirh  farilitiitrs  lh«'  workiiitf  of  thi»  pump.  I#t't  us  im>w  mijp- 
|mM»  that  Wf  *tart  with  tln»  pi'^tnii  at  tlio  iMittom  of  the  cylimlfr 
and   pHHrod   to  raise  it.     The  air  fn»m  the  receiver  ex|«iidss 
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Fig.  808. 


into  the  empty  space  thus  formed  in  the  cylinder,  raising  the 
valve  fl.  As  now  the  piston  descends,  the  valve  a  closes  and 
prevents  the  air  from  re- 
turning to  the  receiver  ;  and 
this  air  passes  up,  through 
the  holes  in  the  piston,  into 
tlie  upper  part  of  tlie  cylin- 
der, raising  the  valve  d. 
When  next  the  piston  rises, 
this  same  air,  now  in  tlie  up- 
per part  of  the  cyUnder,  is  forced  out  into  the  atmosphere  by  rais- 
ing the  valve  c.  At  the  same  time,  a  fresh  amount  of  air  from 
the  receiver  expands  into  the  space  below  tlic  piston,  which  air  is 
forced  out  by  the  next  stroke  at  the  valve  c,  as  before,  and  thus 
coutinuously. 

It  is  evident  from  the  construction,  that,  as  the  piston  rises,  the 
air  above  it  is  gradually  condensed,  and  the  valve  c  does  not  open 
until  the  density  of  the  air  is  equal  to  that  of  the  atmosphere. 
During  the  first  few  strokes,  the  force  required  to  raise  the  piston 
is  considerable  ;  but  as  the  exhaustion  proceeds,  the  effort  neces- 
sary becomes  less  and  less,  until  at  last  only  sufficient  force  is 
required  to  overcome  the  friction,  and  a  sudden  pressure  at  the 
end  of  the  stroke  to  expel  the  air  condensed  at  the  top  of  the 
cylinder.  In  pumps  like  the  one  represented  in  Fig.  300,  the 
size  of  the  piston  and  cylinder  is  necessarily  very  limited  ;  be- 
cause, if  the  area  of  the  piston  exceeds  a  very  limited  extent,  the 
pressure  of  the  air  on  the  upper  surface  becomes  so  great,  as  the 
exhaustion  proceeds,  as  to  require  an  impracticable  amount  of 
force  to  work  the  pump.  With  pumps  of  the  construction  just 
described,  this  pressure  is  in  great  measure  removed  ;  and  it  is 
possible  to  increase  very  greatly  their  size  advantageously.  Fig- 
ure 304  is  a  representation  of  a  large  air-pump  of  this  descrip- 
tion, made  by  Ritchie,*  of  Boston.  Tlio  piston  is  10  c.  m.  in 
diameter,  and  the  length  of  tlie  stroke  26  c.  m.  The  ground 
brass  plate  is  37  c.  m.  in  diameter,  and  admits  of  as  large  a  bell- 
receiver  as  can  be  readily  made.  Tlie  efficiency  of  the  pump 
depends  in  great  measure  upon  the  valves.     Tliese  are  best  made 


♦  The  two  repreacntations  of  air-pumps,  Fig.  301  and  Fip.  304,  are  from  the  cata- 
logue of  Mr.  E.  S.  Ritchie,  a  very  expert  philosophical-iustrumciit  maker  of  Boston. 
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of  dclicah)  oil-silk.     The  details  of  the  upper  Tslre  of  the 
u  made  by  Uitcliio,  are  sliown  ia  Fig.  808.    The  cnl-silk  disk. 


is  ko|it  ill  it."  ]ilacc  by  tlio  piii  b,  ami  the  wbolc  is  pm(<*cicd  by  the 
doiin>--.bniH'>i  ODVcriii);  r</.  Tlio  tiilx;  at  ilic  ^i^l^;  (liM-biirgt.*s  ilw 
air,  mill  itic  nil  wbirb  i>cu{>fH  witli  it  is  cuiiiluutvil  into  a  re»cr- 
vuir  ]iliii-i'<i  Ix-low  ilii;  huM-niL-iit  of  tlic  |iiiiii|t.  TIiik  |>iiiii[>  ii 
furiiii'bi-d  u  itli  u  iiiutimiK-tiT  similar  in  |<riiiL'i|>lL-  li>  tbt-  tmv  n'{>n>- 
MMitod  ill  Fi|r.  -T-.  by  wbiili  tbc  ili'gri.'i;  of  i-xbiiitMi<>ii  can  )< 
UM-frluiiK-il.  It  i.s  ri-i>rL->«.'iilfd  in  tliu  d^urv  on  tlio  b-n-haiid  >id« 
iif  till-  i>iiin|i. 

It<-i<b-s  tbiisp  nln-aily  on u mantled.  lbi>rv  is  obviiHi-)y  another 
limit  111  lliu  <)<-irr<'i-  of  l■xbitu^ti1ln  wbicb  can  W'  ubtaim-d  witli 
tlii*  [.ilin|i-  Tlii>  iirriv.-),  wbiii  tb.-  il:i>lirity  of  tin-  air  l.-lt  in  lU 
pM-riviT  \s  iiiMiftiiii'iit  to  nii«-f  ib>'  lowiT  vuhv  «,  Vig.  :Ui-2.  \n 
onitT  lin-v.-n-onio  ibiH  .lilTH'ulty.  tb.-  b.w.-r  vulv.-  in  iho  Frviicb 
fiimi  uf  air-jiiiniii*    i>  oj-'iH-d  and   ^b^ll   iiK'ibanicaHy.      Itabinvl 

•   ¥'<•  >  Jrwriplwa  uf  ibe  Frmcli  funn  uf  air  |>gm|>,  K«   uiT  uf  ibc  Fmtrb  wi> 
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bas  still  further  improved  the  French  air-pump,  by  so  connecting 
the  two  barrels  that,  after  a  certain  degree  of  exhaustion  has 
L>een  attained,  the  second  is  made  to  exhaust  the  firist.  There 
:aii  l>e  no  doubt  that  a  higher  degree  of  exhaustion  can  be  ob- 
tained with  the  French  pump,  thus  arranged,  tlian  with  the  pump 
just  described  ;  but  this  gain  is  hardly  compensated  by  the  greater 
complexity  and  consequent  liability  to  derangement,  more  espe- 
cially since  a  sufficient  degree  of  exhaustion  for  all  practical 
purposes  can  be  obtained  without  these  complications. 

(178.)  Condensing'Pump.  —  This  instrument  is  just  the  re- 
verse of  the  air-pump,  and  it  is  used  for  increasing  the  density 
of  air  in  a  receiver,  while  the  air- 
pump  is  used  for  diminishing  it.  Any 
lir-pump  may  be  converted  into  a 
ondensing-pump  by  changing  the 
'irection  of  all  the  valves.  For  ex- 
mplc,  we  may  use  the  pump  repre- 
sntcd  in  Fig.  300  as  a  condensing- 
iiinp.  Starting  with  the  piston  at 
he  bottom  of  the  cylinder,  we  give 
lie  stopcock  the  position  represented 
11  the  section  at  the  side.  Then,  on 
ais^ing  the  piston,  the  air  enters  at  v 
Lutl  fills  the  cylinder.  We  now  turn 
he  cock  into  the  second  position, 
irhcn,  on  pushing  down  the  piston, 
.his  air  is  forced  into  the  receiv- 
er. We  can  then  reverse  the  stop- 
cock and  repeat  the  process,  until 
the  required  degree  of  condensation 
is  obtained.  Instead,  however,  of 
placing  the  receiver  on  the  brass 
plate,  as  before,  we  screw  it  on  be- 
yond the  stopcock  p^  opening  this 
sto[>cock,  and  closing  the  stopcock  u.     \l:-^^v -^^-^^^^^  ".^^^^i? 

The  most  convenient  form  of  con-  ^*k  **• 

densing-pump  for  the   laboratory  is 

represent^jd  in  Fig.  305.  It  consists  of  a  cylinder,  and  a  piston, 
which  is  moved  by  the  handle  M,  The  two  valves,  which  are 
both  at  the  bottom  of  the  cylinder,  are  represented  in  section  in 
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Fig.  306.    Tlicy  aro  mtdo  to  fit  exactly  tlie  conical  opeaii^  u 
tlio  buttom  of  llie  cyliudcr,  and  arc  kept  in  [dace  hj  Jtrj  ifeliak 
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rpiral  pprinf^,  Wlicn  llic  piston  rises,  tlic  ralro  A  opens  ind 
admits  llic  air  tliroiigli  tlic  tultc  ca  into  llic  cylinder,  (hi  tkt 
other  Iianil,  when  tlio  {■ii'lon  dt^iccnds,  the  ralvo  A  close*,  vliik 
B  oiiens,  and  the  air  is  fuR'cd  out,  through  the  tulic  bd,  into  ihe 
receivtT  jduoed  at  (/.  It  is  evident,  thai  if  two  rvcciTcnt  are  cna- 
nectm)  with  the  piim|i,  one  at  r  and  the  other  at  (/,  tlie  air  wiU 
be  exhaiisti-il  from  one  aixl  condensed  in  the  other.  The  patnp  ^ 
may.  therefore,  Ihi  ii>ed  either  for  condensinf;  or  rarcfyiii)^.  la  ^ 
xmixfc  the  [lump,  it  i^  fa>ieiie<l  firmly  to  a  tahle,  or  some  otber  "*' 
Fdlid  f:ii)>|Nirt.  iitid  the  huiidlo  M  is  moved  up  and  down  alter  — ^ 
nulfly  Willi  the  twoliiiixK. 

This  sinijile  inailiim-  in  titifTieient  for  almost  all  purposes.  If.  _^' 
howevor,  n  more  |Hiwt'rfii)  np|iuniliis  is  rtipiired  for  cnndcn«inc  ^».  ■"! 
pan's  iiiti)  liiiye  re-'Tv<iirs.  it  is  IhM  not  to  increase  tlie  siw  of  tbr  -s— *  >• 
pnin)i ;  l>tit  to  (•■mltiiK'  sivi-riil  eyliiiiliT*.  roniicctinfr  litem  all  wiiti «  #  Jil 
the  same  n-eeiver.  Tli.-  |ii<-ti>n-r<Hls  of  all  these  cylinders  can  U  ^  ■>" 
united  l>y  craiikx  tn  ■>ii<-  nxis.  niid  a  handle  cnnitected  with  ^^  ' 
lly-wheel  ean  l>o  u»-il  to  ^'ive  thi:i  axis  a  regular  and  unifonnr y  »"^ 
MHilion. 

(IT'.t.l  tl'titrr-Piimp.  —  Kniinly  annlogons  in  its  principle  te^  *■  ' 
the  air-poin|>  i-  the  enuiiiion  uuter-pump.  a  glass  mmlel  i>f  vhK-l  <--'•' 
i*  n-prt-M-iitrd  ill  Fiir-  ""7.  It  ell|l^i^t"  iil-o  nf  a  hollow  cyliiiJer-»  '■«■'' 
in  wliieli  more-  n  pi-1<iii,  />.  It  lins  (worulrc!).  Utih  opi'nine  ufi^^  ^1' 
wanN  ;  one  nl  the  l>iitt<in)  of  the  erliiider.  eovering'lhe  moiilli  o«-^  <^ 
the  tnlio  leadiii[r  to  the  wat<T  uf  the  well,  and  tlw  utln-r  at  th-^-'^ 
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the  piston,  covering  the  hole  with  which  it  is  pierced.  If 
itoii  and  valves  are  sufficiently  tight,  this  pump  will  act  as 
-pump,  and  on  moving  the  piston  b;  the  handle  P  oltciv 

up  and  down,  it  will  ex- 
tlie  air  from  the  tube  A. 
nee  tho  end  of  the  tube 
nder  water,  the  pressure 
air  will  fortfe  up  the  water 
it  filla  both  the  tube  and 
linder  below  the  piston. 

on  lowering  the  piston, 
Iter  in  the  cylinder  will 
10  valve  o,  and  pass  above 
ton.  Afterwards,  on  rais- 
e  piston,  this  water  will 
id  and  discharged  into  the 
,  while  a  fresh  quantity  of 
will  be  forced  up  by  the 
>licric  pressure  through 
dve  S.  Thus,  at  each 
of  the  piston,  a  quantity 
er  is  lifted  equal  to  tho 
y  of  tlic  cylinder  loss  the 
)  occupied  by  the  piston 

If  the  piston  and  valves  n,.  307^    ~ 

;  sufiiciently  tight  to  pump 

I  air,  they  can  be  made  so  by  pouring  a  little  water  into 
mp,  Tliis  is  what  is  called  the  drawing  o/water,  and  the 
phy  of  this  well-known  process  is  evident. 
Hows  from  tins  description,  that  tlio  pump  will  not  work,  if 
tom  of  the  piston,  in  its  highest  position,  is  over  ten  metres 
ho  level  of  the  water  in  the  well ;  and  it  was  an  attempt 
c  Florentine  engineers  to  raise  water  in  the  suction-tube 
ump  above  tins  height,  which  led  to  the  discovery  of  the 
■e  of  the  atmosphere.  On  account  of  the  imperfections  of 
vea  and  piston,  a  pump  will  seldom  work  in  practice  higher 
ght  metres.  The  height  of  the  tube  C,  in  which  the  water 
d  by  the  piston,  may  be  very  considerable,  and  the  whole 

through  which  the  water  is  raised  by  the  pump  is  fre- 
r  very  much  over  ten  metres ;  but  the  difficulty  of  working 
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a  pump,  and  keeping  it  in  order,  increases  rerj  raptdlr  vidi  tlie 
height  of  tlio  column  of  water  which  is  lifted. 

PROBLEMS. 

( 'mlrB9  alhenria^  ttated,  tkt  tempnatwrt  in  ali  (keJoUotting  prMewu  it  lo  6t  tmitm  mtt^C* 
ami  tke  hrttjht  of  the  bmrmttier  til  1^  c.  m. 

Weight  of  a  Body  I'n  Air, 

17r>.  A  nuiAA  of  moCal,  wlio<o  Sp,  Gr,  =  1 1 .3 5,  wei|*hji  0.575  f^nmmr 
in  n  viiruum.     How  mnnj  milli<rniitiinoH  will  it  lo^io  when  wrifrl»r«|  in  air  * 

177.  A  hniM  wci^rlit  {Sp,  Gr.  =  8.55)  w«Mglui  in  a  varuiini  onr  liV- 
gnunnio.     How  manj  millipnmnies  doe^  it  1o?m*  wlirn  Wfij^lnMl  in  mr'r 

178.  A  body  lones  in  carbonic  mnd  ga<  1.15  pramiiH*  <»f  it«  wrixk. 
WImt  would  be  the  Iom  of  itM  woi<rhc  in  air  and  in  hydn>^rm  f 

171).  A  body  \om*^  7  frrnmnii^^  of  itM  wei;;ht  in  air;  bow  mitrh  cif  it* 
weif;lic  would  it  Iom*  in  carlMHiic  acid  and  in  hydn»gen  ? 

180.  What  in  the  wei);lit  of  hydrogen  contained  in  a  glaM  g!nhr  whoi^ 
9urfac(*  I*  equal  to  1  <>  m.'  ? 

181.  A  ghiM  ploln*  fn>in  which  the  air  ha*  lieen  exliau«tf-«l  weiffH* 
254.735  pnun.  When  full  of  air,  it  weight  289.f521  pram.  Wbm 
full  (»f  another  pis  308.078  gram.  Wluit  'u  tlie  capacity  of  the  glcibr. 
and  wliut  i**  the  hp<N*ific  gravity  of  the  ga.^  ? 

182.  A  gliu*4  gloU*  30  c.  m.  in  diameter,  fill«*d  with  air,  and  lirrm^i- 
cally  Milled,  i-i  tkulanc<Hl  in  the  atmo^phen*  by  bra**  mri^rlil*  amminiin  j  ft 
35ri.225  gnim.  How  much  would  it  Wfigh  in  a  vacuum  ?  How  m%tth 
woiiM  ch«*  j:1«»Ik»  wrijrh  in  a  va<Mium,  if  it  were  o|>«-n«*«l  m>  th.ii  tin*  air 
c<»uM  U*  rxhauM«tl  fnmi  the  interior?  Sp.  Gr.  of  bra.^*  M..V».  axxl  M 
gin*-*  3..'».'J. 

l^.'J.  A  ghi**  gloU*  h«'nnetieally  mnhIiiI  wi'i;rh<  in  the  air  25.2r.»*.  jr^m. 
and  gIlin^  in  a  \u«'uuni  U.(Mt2  gniiii.      What  i'»  it^  (li:uufi«T  r 

/^Moyriijry  of'  Air, 

1H|.  What  in  thi»  a«»cen«»ional  ft»ne  of  a  tuilloon  one  metr**  in  diamrtrr. 
l)in-«-  qiiarti-r*  iWUd  with  hydnijji'n,  when  the  tmlhion  itM-lf  wri^h«  cat 
liuiidnMi  gr.unnie«t  ? 

1^5.  ('al4Mihit<*  tli«»  n-^cen-^ional  font*  of  a  p|»h»*rical  Imlloon  m.^!-- ••? 
prf|i:inMl  -ilk  an«l  fillt'd  with  impun*  hydrngvti.  knowing  that  ttir  l<aj- 
liHMi  ii«tlf  m**igli<«  f»3j'>20  gnim.,  thai  th«'  pn*|»nnil  f»ilk  «eigh«  2*'><^  gram. 
lh«*  •'^pian*  nwtns  and  that  a  ciil»ic  iu«*tn'  of  impure  hydrvg«-n  wrtgh»  l«^» 
gram. 

iMi;.  What  w«mld  1m»  the  a«c<*n<*iotial  forre  of  a  •pherical  IhUIooii  firvra 
m«*tn*«  in  fii.-imet<T.  two  ihinl«  fill*-*!  with  hydrogen,  when  th«  balkioQ  and 
attachmenii  weigh  twenty  kilogrammes  ? 


ji 
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187.  The  material  of  a  balloon  containing  1229  c.  m.'  weighs  1.5  gram. 
The  balloon  is  filled  with  hydrogen,  whose  specific  gravity  referred  to 
water  is  0.00009003.  The  specific  gravity  of  the  surrounding  air  is 
0.0013105.     Will  the  balloon  rise  in  the  atmosphere  ? 

188.  The  material  of  a  spherical  balloon  and  its  attachments  weighs 
400  kilogrammes.  This  balloon  is  15  m.  in  diameter,  and  is  three 
fourths  filled  with  gas  whose  specific  gravity  equals  0.0005.  The  specific 
gravity  of  the  surrounding  air  is  0.0013.  What  is  the  ascensional  force 
of  the  balloon  ? 

Barometer. 

189.  When  the  surface  of  a  column  of  mercury  in  a  barometer  stands 
at  76  centimetres  above  the  mercury  in  the  basin,  with  what  weight  is  the 
atmosphere  pressing  on  every  square  centimetre  of  surface  ?  Sp,  Cfr,  of 
mercury  =  13.596. 

190.  To  what  difference  of  pressure  does  a  difference  of  one  centi- 
metre in  the  barometric  column  correspond  ? 

191.  When  the  water  barometer  stands  at  ten  metres,  what  is  the 
preasure  of  the  air  if  the  temperature  is  4'  ? 

192.  How  high  would  an  alcohol  barometer,  and  how  high  a  sulphuric- 
acid  barometer,  stand  under  the  same  circumstances,  disregarding  in  each 
case  the  tension  of  the  vapor  ?  Sp.  Gr.  of  alcohol  =  0.8095  ;  Sp.  Gr, 
cf  sulphuric  acid  =  1.85. 

193.  When  the  mercury  in  a  barometer  stands  75.2  c  m.,  with  what 
weight  is  the  atmosphere  pressing  on  every  square  centimetre  of  surface  ? 
How  high  would  barometers  stand  under  the  same  circumstances,  filled 
with  liquids  of  the  following  specific  gravities,  viz.  1.12,  1.45,  2.36,  3  ? 

194.  When  the  mercury  barometer  stands  at  76  c.  m.,  what  must 
be  the  length  of  a  water  barometer  inclined  to  the  horizon  at  an  angle 
of  30**? 

195.  If  a  barometer,  having  its  lower  end  immersed  in  a  basin  of  mer- 
cury, be  suspended  from  the  beam  of  a  balance,  and  weighed,  is  its  weight 
altered  by  weighing  it  again v when  inverted  and  containing  the  same 
quantity  of  mercury  as  before  ? 

Pressure  of  the  Atmosphere, 

196.  When  the  barometer  stands  at  76  c.  m.,  how  great  is  the  pres- 
sure of  the  air  upon  a  plane  surface  having  an  area  of  one  square 
Hietre? 

197.  The  body  of  a  man  of  ordinary  stature  exposes  a  surface  of  about 
One  square  metre.  How  great  a  pressure  does  the  body  sustain  when  tlie 
barometer  stands  at  72  c  m.  ?  If  the  barometer  rises  to  78  c.  m.,  how 
l^reat  is  the  increase  of  pressure  ? 

29 


888  CHEMICAL  PHYSICS. 

19H.  Whon  tho  Imrometer  standi  at  72  c.  m^  how  graU  it  ike  fR*- 
^uro  of  the  air  on  a  sphere  whom:  rudius  Li  f*qtial  to  C(i7^  r.  in.  ? 

199.  When  the  tmromeler  KtantLt  at  7(>  c.  nu,  what  w  the  prriTt  t^ 
crt(^  ill  the  vertical  direction  on  a  sphere  125  c.  m.  in  diameter? 

Mariotte't  Jjow. 
In  all  iKne  proLlemM  the  law  it  to  be  rtyanhit  om  imwanaUa. 

200.  A  volume  of  hvdn>p'n  pt*  wa«  nM*a**iireil  and  f<Mifid  to  bi*  eqMl 
to  2«'>0  r.  m.^  The  h<*ifrlil  of  the  )»nrometi*r,  olnervt'd  at  th«*  Mune  time,  va» 
74.2  o.  m.  Wlml  would  have  been  the  v(»luine  if  observed  whm  tb^  t*- 
rom«*ter  kKmmI  iit  70  e.  in.?  WImt  would  be  tlie  %*olunic  at  an  rlevi 
which  the  barometer  dtand.H  at  oG  c  m.  ? 

201.  A  volume  of  nitn>jren  pa?*  niea^uretl  7.'»0  c.  m.'  when  the 
stood  nt  77.4  c.  m.     What   would   it  liave  meanured  if   the   banaBclcr 
had  stood  at  7G  c.  m.  ? 

202.  A  voUime  of  nir  >(andin<r  in  a  lMdl-<;las<i  over  a  merrunr  ptirumati^ 
tn)U<rh  mt'a<ured  *>^\X  c.  m.^  The  luu-ometer  at  the  time  flood  at  7^.4 
c<*ntini.,  and  the  8urfare  of  the  nien*ur\'  in  the  1m*11  wast  found,  bv  mra«* 
un*m«'nt,  to  )»e  (}.*>  c.  m.  al»ove  the  hurftuv  of  the  nH*nniry  in  the  trmi^ 
What  mould  have  bi*en  the  volume  hud  the  air  been  exposed  to  ibr 
Mire  of  70  cm.? 

2o:).  A  volume  of  air  Ftandinp  in  a  tall  Ikell-plaM  over  amrrmrr 
matie  tn>u;:h  measure*!  7H  c.  m.^  Th<*  iMinmieler  at  tlM*  lime  Muud  at  74j6 
r.  m.,  and  the  nii>n*urv  in  the  1m*11  at  57.4  c.  m.  aliove  lli«*  mrrrunr  ia 
thi*  tnHi<;h.  What  wouhl  Imve  been  the  \olume  lia«l  the  prv.<«»ure  brra 
70  «*.  in.  ? 

2<»l.  Wliat  w«iul<l  Im*  (Im»  an*wrri  t«>  thi»  lii*t  two  probh'm«,  bad  the 
pni'Uiiiaii<*  tn»u^li  bci'ii  tilh'd  with  watrr  in<<«trad  of  nit'n*ur\  f 

2*K'».  T!i«*  "iMTific  •rnnity  «»f  air  at  0'  and  70  e.  ni.  n'frrrvil  !•»  m^trr 
i*  0.<HiI2'.'2<»»;.  Whit  i*  (h«»  ^prritir  jmi\i(v  whm  ch«'  Uimtnt  It  r  •tan-U 
at  th«*  folliiwin;:  h«'i;:ht%  \i/.  7*.^.«».'»  i\  ni.,  71.2.')  o.  nu  7»'»..'»4  e.  bu 
77.^2  c.  III.  ? 

2<'0.  Th<»  •»|>«'rifir  »rr.i\itv  cif  rarUmii*  ari-l   pH  nl  0'  and  70  r.  m.   r^- 
f«Tr»d  to  wai»T  i*  n.<M»i'.»r,r,r.:;.      What  i*  ihf  -p*-*'!!!*'  ;:ni\iiy  wUn  ibr 
*lMiri»nii't«T  *tan«l«»  at  th«*  hiijrht-*  ;;l\«ii  in  ih**  la*l  pn»M«ni  r 

2**7.  A  >:la»i  ;:lnU'  P'  r.  u\.  in  dianMlt-r  lM*nii«*ci«*ally  •'••alf^l  wt  'ji:* 
45.1:^11  ;:r.ini.  whi-n  thi>  haninii-tt  r  »>t.iniU  :it  71.5  c.  m.  ^\  hat  wnu*!  it 
wri;r!i  if  ih»*  l»:in»nnMt  r  "tinwl  at  7»»  «•    ni.  ' 

1?'»H.  A  jrla*-*  ^'IoIm'  Ii«  niM'tii  al)\  >•  .il«  •!.  •'••»  «\  ni.  in  «lianM"t»T.  •u^prrd"! 
toon*'  pan  ot'  a  l<.ilanr«>,  i*  |Mii«i«l  li\  o'J.'i.  TJ'J  ;;r.iiiirn^«  in  bniw*  wn^ht* 
wh«'n  th«*  han»ui«-t*T  !«taii<U  at  7('>  I'l  r.  ni.  Aft«r  ><-\cnil  h<Kir»  it  i«  ^ittrvi 
lo  hnv*'  \*t^i  in  wfi^liC  *».<>J2  ;:rafn.  What  i-  now  th«'  biM::!it  of  tin-  l*i- 
n»:n*  ii-r.  >up|H>-iii)^  the  t**ni|Mruture  not  U*  ha\e  cluingvsl?  S|k  Gr*  oC 
bra*i»  H.55. 
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20D.  A  glass  globe  hermeticallj  closed  was  found  to  weigh  354.567 
*am.  when  the  barometer  stood  at  73  c.  m.,  and  to  weigh  353.917 
tun.  when  the  barometer  stood  at  77  c.  m.  What  is  the  diameter  of 
e  globe? 

210.  A  glass  globe  25  €•  m.  in  diameter  contains  how  many  grammes 
'  hydrogen  at  the  following  pressures,  viz.  72.2  c.  m.,  74.6  c.  m.,  76  c  m., 
'.2  cm.? 

211.  Two  glass  globes  are  connected  by  a  tube  in  which  there  is  a 
opcock.  In  the  first  globe  there  are  250  c7m.*  of  air  at  a  tension  of  2  c  m. 
I  the  second,  340  c-  m.'  of  air  at  a  tension  of  10  c.  m.  After  opening 
e  stopcock,  what  will  be  the  tension  in  both  globes  ? 

212.  Into  an  exhausted  jar  having  a  capacity  of  60  litres  there  have 
icn  poured  30  litres  of  nitrogen  at  the  pressure  of  72  c.  m.,  15  litres  of 
cygen  at  the  pressure  of  64  c  m.,  and  5  litres  of  carbonic  acid  gas  at 
e  pressure  of  78  c.  m.     What  is  the  elastic  force  of  the  mixture  ? 

213.  A  glass  globe  contains  8.548  gram,  of  air.  It  is  afterwards  filled 
ith  protoxide  of  nitrogen  whose  Sp,  Gr,  =  1.52,  that  of  air  being  unity. 
Tiat  is  the  weight  of  the  ga-*,  Ist.  when  the  tension  of  the  two  gases  is 
e  same,  2d.  when  the  tension  of  the  air  is  76  c  m.  and  that  of  the  pro- 
tide  of  nitrogen  78  cm.? 

214.  A  gla-^s  glol)c  weighs,  when  completely  empty,  152.475  gram. ;  full 
air,  it  weighs  168.386  gram.,  and  full  of  another  gas,  157.235  gram, 
hat  is  the  Sp.  Gr.  of  the  gas,  supposing  the  pressure  the  same  at  all  the 
•ighings  ?  Also,  what  correction  must  be  made  if  the  pressure  was  76 
m.  during  the  weighing  of  the  globe,  77  c  m.  during  the  weighing  of  the 
•,  and  74  c  m.  during  the  weigliing  of  the  gas  ?  The  tension  of  the  air 
d  gas  in  the  balloon  is  supposed  to  be  76  c  m.,  and  the  temperature  is 
pposed  invariable  at  0". 

Atmosphere. 

The  following  prolJems  may  he  »olvtd  by  BahiruCs  formula.     See  note  to  page  304. 

215.  Find  the  difference  of  level  of  two  stations  from  the  ibllowinij 
la:  — 

Height  of  barometer  at  lower  station  reduced  to  0°  C,     755  m,  m. 
Temperature  of  air         **  "  15°  C. 

II(Mght  of  barometer  at  upper  station  reduced  to  0°  C,     695  m.  m. 
Temperature  of  air  "  "  10°  C. 

216.  Find  the  difference  of  level  of  two  stations  from  the  following 
ta:  — 

Height  of  barometer  at  lower  station  reduced  to  0°  C,     730  m.  m. 
Temperature  of  air         -  "  20°  C. 

Height  of  baromettT  at  upper  station  reduced  to  0°  C,     635  m.  m. 
Tempeniture  of  air  **  "  15°  C. 

217.  Find  the  height  of  Mount  Washington  above  sea  level  from  the 
lowing  observations  of  Prof.  Arnold  Guyot,  Aug.  8,  1851,  4  P.  M. :  — 
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Height  of  barometer  at  Gorham  reduced  to  0^  C,  740.70  bl  wl 

Temperature  of  air  at  Cvorham,         •  •  22*^5 

lleijrht  of  barometer  near  the  ftammit  of  Mount 

Washington  reduced  to  C*  C,       .         .         .  eOS.93  bl  wl 

Temperature  of  air  at  summit,     •         .         •         •  10*.M 

Barometer  at  Gorluun  above  sea  level,  •  251  m. 

Air- Pump. 

2 1 B.  The  capacity  of  the  cylinder  of  a  pump  is  one  tenth  of  that  of  iW 
receiver.  What  will  be  tlie  tension  of  the  air  in  the  receiver  after  1, 2. 3^ 
4,  5.  10.  and  40  strokes  of  the  piston,  the  original  tension  being  76  c  oi.? 

219.  Tlie  capacity  of  the  rylinder  of  a  pump  is  one  third  of  the  ca- 
pacity of  the  re<*elver.  AAer  how  many  strokes  of  the  piston  will  the  tr*- 
sion  of  the  air  in  the  receiver  be  reduced  to  ji^  of  its  primitive  aoiooai  ? 

220.  If  the  air  in  the  receiver  of  an  air-pump  b  by  two  strokes  of  the 
pi;«ton  maile  four  times  rarer  than  it  was  at  firi«t,  what  is  the  ratio  of  the 
cafuicity  of  the  receiver  to  that  of  the  bamfl  ? 

221.  If  in  an  air-pump  the  density  before  is  to  the  density  after  three 
stmkes  of  tlie  piston  as  85  is  to  8,  determine  the  ratio  of  the  capacity 
of  the  receiver  to  that  of  the  barrel. 

222.  If,  in  an  air-pump  simiUr  in  construction  to  Fig.  800.  an  interrsl 
bt*  leA  l>etween  the  piston  and  the  ba*e  of  the  cylinder  at  the  lownt  por* 
sible  |M^.ition  of  the  pi<»toii,  determine  the  density  of  the  air  in  the  r^ 
cciver  afU^r  rt  Mroke^  and  after  an  infinite  number. 

223.  The  |ii<»ton  of  a  o>mmon  pump  b  6  c.  m.  in  diameter,  and  the 
veni<*Hl  htM^rht  of  the  mouth  from  the  «urface  of  the  water  in  the  wrH  m 
6.250  fu.  ll«>w  ^'nt  is  the  intensity  of  the  force  rpi]uir»H|  to  rai*^'  the 
|ii-toti,  ii«»suming  tluit  then*  is  no  fniin  by  Icvcmp*?  N  tlM*r^  any  pua 
in   |Mt«v(T  in  the  um»  of  n  pump  over  a  bucket  in  mising  watrr? 

'2'2\.  What  an*  th**  oMnlitionH  under  which  the  common  fHimp  wdl  i»< 
draw,  when  the  pi<iton  d<KM  not  dejMvntl  to  the  fix<il  valve  ? 

225.  If  n  Unly  when  placitl  under  the  n»ceiver  of  a  given  air-porap 
wei;;h«  €t  ffrnm^  and  after  n  i«tn)k<*s  weighs  b  gram.,  determine  the  weiffht 
of  the  IkmIv  in  a  vacuum ;  and,  su|i|K)Kirig  the  ^pe«Mfic  gravity  of  the  tavlv 
ktiowti,  determine  the  f(|)ecitic  gravity  i>f  the  air  in  the  receiver  at  firu. 

^fiicellanfous. 

22(».  A  cylimler,  the  height  i»f  whicli  i<*  C  c.  m.  and  the  radius  of  th^ 
Xmim*  1  c.  m..  i-  tiU**<l  with  itini<H|»heric  air.  To  what  depth  will  a  pistaa 
Muk  in  the  cylinder  whii*h  weighn  in  kiioin^mme<«  ?  To  what  depth 
would  it  •'ink  if  it   wei^hitl    pNN)  kil<»gramnie4  ? 

227.  In  the  cylin<ler  «ieMTil»(il  in  the  la/«t  example,  a  piston  i«  ft«reil 
down  2  c.  ni. ;  deiemiine  the  |»n*Mure  of  the  (^»nHm*d  air.  Detemnat 
jImi  the  prea*ure  of  tin*  air  alM'n  it  'a  forced  down  5.64  c.  m. 
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228.  Calculate  the  total  weight  of  the  atmosphere  in  kilogrammes,  sup- 
po«ing  the  height  of  the  barometer  76  c.  m.,  and  the  radius  of  the  earth 
considered  as  a  sphere  equal  to  6,366  kilometres.  Calculate  also  the 
Tolame  of  an  equivalent  mass  of  gold,  knowing  that  the  Sp.  Gr.  of  gold 
=  19.363,  and  that  of  mercury  =  13.596. 

229.  If  the  altitude  of  the  mercury  in  a  barometer  placed  in  an  ordi- 
nary diving-bell  be  observed  at  the  beginning  and  end  of  a  descent,  deter- 
mine the  depth  descended. 

230.  Determine  the  tension  of  the  rope  by  which  an  iron  diving-bell 
U  suspended  atguiy  depth  below  the  surface. 

231.  If  a  cylindrical  tube  152  c.  ni.  long  be  half  filled  with  mercury, 
and  then  inverted,  determine  hq^  high  the  mercury  will  stand  when  the 
barometer  stands  at  76  c  m. 

232.  Having  given  the  quantity  of  air  left  in  a  barometer  tube  be- 
fore immersion,  find  the  height  at  which  the  mercury  is  supported  after 
immersion. 

233.  If  in  an  imperfectly  filled  barometer  tube,  of  which  the  length  is 
80  c.  m.,  the  mercury  stands  at  74  c  m.,  when  in  a  well-filled  tube  it 
stands  at  76  c.  m.,  determine  at  what  height  it  will  stand  in  the  imperfect 
one  when  it  stands  at  70  in  the  perfect  one. 

234.  Two  barometers  of  the  same  given  length,  /,  being  imperfectly 
filled  with  mercury,  are  observed  to  stand  at  the  heights  H  and  H  on 
one  day,  and  h  and  h!  on  another.  Determine  the  quantity  of  air  lefl  in 
^ach,  supposing  the  temperature  invariable. 

235.  A  bell  partly  filled  with  gas  is  standing  over  a  pneumatic  trough. 
Its  interior  diameter  is  6  c.  m. ;  its  weight,  one  kilogramme ;  and  the  level 
^  the  mercury  in  the  bell  is  22.8  c  m.  above  the  level  of  the  mercury  in 
the  trough.  Neglecting  the  weight  of  the  gas,  how  much  force  in  grammes 
is  required  to  su>tain  the  bell  in  its  position,  sup[K)sing  that  no  portion 
^ps  under  the  mercury,  and  that  the  temperature  is  at  O*'  ? 

236.  A  body  of  known  specific  gravity  is  floating  between  two  immis- 
cible fluids,  whose  specific  gravities  are  also  given.  Determine  the  por- 
tion immersed  in  each. 

237.  A  cylinder  of  known  specific  gravity  and  magnitude  floats  with 
its  axis  vertical  in  a  vessel  of  water.  What  will  be  the  effect  of  remov- 
in^r  the  atmospheric  pressure  ? 

238.  An  hydrometer  similar  to  Fig.  248  is  divided  into  150  parts  of 
equal  capacity,  and  so  constructed  that  when  in  vacuo  it  sinks  in  pure 
water  at  4**  C.  to  the  100th  division.  When  immersed  in  sulpliuric  acid, 
at  the  standard  temperature  and  pressure,  it  sinks  to  the  54th  division. 
To  what  point  would  it  sink  were  the  experiment  made  in  vacuo,  and 
what  is  the  true  specific  gravity  of  the  acid  ? 

29* 
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MOLECULAR  FORCES  BETWEEN  HETEROGENEOUS  MOLECULSS 

(180.)  Adhesion.  —  Having  htiidicd  tho  plieiiomciia  caoscd 
by  the  action  of  iiiolcvulur  forces  bctwoeii  homo^eneams  wtai^ 
ritlesy  us  inaiiifestcd  in  tlio  characteristic  |»ropertic!i  of  Milid«, 
li(|uids,  and  gas4»M,  wc  conic  next  to  conisidcr  tliuMS  pliuuoiui*i«a 
which  arc  caused  l»y  tlic  action  of  niolct*ular  forecsi  between  ktU- 
ro^eneous  moiecules.  As  we  have  already  wnrn,  the  nwilccukr 
forces  are  eitlier  attractive  or  repulsive  C"^)-  To  tlie  atlrmcti^e 
force,  when  exerted  Ik»Iwimmi  hoiuo^reneous  molcculesi,  like  d 
of  the  same  IkhIv,  whether  it  lie  soliu,  Tuiuidy  or  gaseous,  we  gin* 
the  name  of  cohesion  (7U).  Cut  when  the  attractive  force  l< 
exerted  U*twiH,Mi  hctcro^ncHMis  molecules,  like  tliosc  of  differcit 
liodies,  and  still  dtH's  not  {inxluce  any  chemical  chmngc,  wc  cal 
it  adhesion.  It  must  not,  however,  lie  supposed  tliat  tbi^ 
attractive  forces  are  essentiallv  different  in  tlic  two  cases. 
distinction  lietween  collision  and  adhesion  is  only  made  for  tin 
^ake  of  classification,  and  it  is  at  least  possible  tlu&t  tlicy 
men*ly  difTeriMit  manifestations  of  tlie  one  force  of  uuirc 
gravitation  already  considered. 

Tlie  phcncmiena  of  adhesion  an?  quite  numemus,  and  tlier  cmf^ 
Ih;  mo>t  conveniently  rlussititMl  acconling  to  the  nuvhanieal  con-- 
dition   of  the   niasM»s  of  mattiT   U»tween   which   the   force   act** 
W«?  will,  ihfn*ft»re,  cou>idcT  in  onler  the  iilieuoniena  caux*d  \*j 
the  aeiion  of. — 

Fir>t,  si>litis  on  solids  \^remenLi), 

SiToiiilly,  Hijuls  ou  litniids  {rapiUariiif.  solution), 

Tliinily,  Hilids  (»n  ^t^m's  {absorption  of  ^osts). 

Fourthly,  li({uid.>  (»n  li((uids  (ftf/itid  diffusion^  o0tHosr). 

Fifthly,  litjuitU  on  ^aM»s  {solution  of  ^ases ). 

Sixthly,  •rd>r'*  on  j^a^'s  {^-asrous  diffusion). 

Sf/ids  on  Stditis. 

(l>l.i  Atlhrsion  ttttirttn  Sditts.  —  Many  of  the  m<»*^t  famil« 
i;Ar  )ili«Mi(»niena  (»r  daily  lit'**  an*  (»Mini;  to  the  attractive  fiir\>'» 
uiru'li  »*\i^l  U'twii-n  ln*l»T«nr«*n«'<»u>  |»articles  tif  ndids.  Thu** 
th<*  |iartirl<*s  of  du^t  ti«».itihtr  in  a  riMMU  adlien*  to  the  n*ilini;  m 
o|i|i<>^ition  to  the  fon*e  of  trraiity.  In  like  manner,  tlie  |Mini<*k^ 
of  chalk  adhere  t(»  the  vertical  surface  of  a  blacklnmrd,  axid  tlie 
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:les  of  plumbago  abraded  from  a  lead  pencil  adhere  to  a 

of  writiiig-paper.  So  also  the  adhesion  of  paint  to  wood 
iivas,  that  of  the  tin  amalgam  to  the  backs  of  glass  mirrora, 
hat  of  gold-leaf  to  picture-frames,  belong  to  the  same  class 
enomena.  The  numerous  important  applications  of  india- 
^r  in  the  chemical  laboratory  furnish  still  fui*ther  illustra- 

of  adhesive  force. 

liarnibber  adheres  very  strongly  to  glass,  and  this  property 
!rs  it  invaluable  for  making  stoppers  to  glass  bottles  and  air- 
joints  between  glass  tubes.  The  common  method  of  unit- 
>gcther  glass  tubes  in  adjusting  chemical  apparatus  consists 
-etching  over  the  ends  of  the  tubes  a  short  tube  of  india- 
ir  called  a  connector,  e  /,  (Fig. 

so  that  the  ends  of  the  two  glass 

shall  meet  within  it.     On  binding 

idia-nibber  to  the  glass  by  means  of     ^  •  *•  4 

cord  or  fine  cop{)cr  wire,  the  adhc-  '*••  ** 

s  sufficient  to  resist  the  action  of  most  gases,  unless  the  pros- 
is  considerably  greater  than  that  of  the  atmosphere.  These 
jctors  can  easily  be  made  of  the  required  dimensions  from 

india-rubber.  We  apply  a  strip  of  india-rubber  previously 
»cd  by  heat,  to  the 
tul>c,  as  reju'cscntcd  in 
309,  and  then  cut  the 
edges  with  a  pair  of 
•rs,  which  should  have 
,  flat  blades,  and  be 
;tly   clean.      The   cut  '  pig.aoo. 

immediately  unite,  and  • 

nion  can  be  made  more  solid  by  pressing  them  together 
en  the  tlunnlMiails.  The  india-rubber  connector  will  ad- 
it first  firmly  to  the  glass  tube,  but  it  can  be  easily  removed 

dipping  the  tube  into  water.  The  water  is  drawn  up 
en  the  glass  and  the  india-rubber  by  capillary  attraction, 
he  adhesion  is  destroyed. 

12.)  Cements.  —  The  use  of  cements  not  only  illustrates 
xistence  of  an  attractive  force  between  the  molecules  of 
)geneous  solids,  but  also  the  additional  fact,  that  the 
^h  of  this  force  varies  with  the  nature  of  the  solids.     In 

to  unite  two  pieces  of  wood,  we  first  fit  together  carefully 
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tho  surfaces  to  bo  joined,  and  then  mierpoee  between  these  ie> 
faces,  perfectly  cleaned,  a  thin  layer  of  melted  glue.  When  d» 
glue  hardens,  it  firmly  cements  together  tlie  two  piooes  of  wood, 
—  first,  by  the  adhesion  between  tho  glue  and  tlie  wood,  sikL 
secondly,  by  the  coliesion  between  the  particles  of  tlie  glue  it^ 
This  same  glue,  however,  would  fail  to  cement  together  piem  of 
glass  or  of  stone,  because  tlie  adhesion  of  glue  to  tliesie  »olkis  n 
much  feebler  than  its  adhesion  to  wood ;  but  fragments  of  yrbf* 
and  porcelain  may  be  united  by  some  resinous  material,  mch  as 
shellac,  and  those  of  stone  and  brick  by  mortar  or  kmuc  nl- 
careous  cement.* 

It  is  evident  that  in  all  these  cases  tho  phenomena  of  adlie«iai 
are  mixed  with  those  of  cohesion.     The  adhesion  onir  takrt 
place  at  the  surfaces,   where   the   heterogeneous   particl^^K  uy 
brought  in  contact,  while  the  particles  of  the  solids,  and  tlKKie 
of  the  cement,  are  alike  held  together  by  the  force  of  c«>hr- 
sion.     The  thinner  the  layer  of  cement,  tlie  more  |icrftH:ilr  doet 
it  fulfil  its  oflice,  since,  when  a  thick  mass  is  used,  the  unc^fuil 
e.\}Muision  of  the  difTercnt  solids  in  contact,  caused  by  cliaiiges  in 
tein})erature,  tends  to  destroy  the  cohesion  of  the  |iarticK*s  of  the 
cement.     It  nc»t  unfre<|uently  hap|N>ns  that  the  adhesion  lietwcnt 
the  ]>ai*ticlcs  of  a  cement  and  tho  iKMlit^  which   it  uniu*9,  h 
gn»atcr  than  the  cohesion  which  holds  together  tho  |«irtio|i*^  of 
the  body  itM»lf.     On  attem[>ting  to  se|uinite  two  piitn^s  of  wond 
along  a  ghicd  s^'ain,  we  often  sec  a  filiii  of  woo<|  vplit  ttfTadhcniitr 
to  tlie  surface  of  the  ^lue  ;  and  the  frat  of  splillinir  a  knik-imto 
is  aecoiiiplished  bv  ceinentinir  it  firnilv  lK*tWiM»u  two  flat  surf.Ao*<, 
and   then   fon*ibly  se|>aratinj:   llieni,  when,  the  cohe^^ion  *if  tin* 
pa|K»r  U'iii^  fiMO»lrr  titan  the  adhesion  of  the  cement,  the  jiainT  i"* 
split  through  the  inid^Ucf 

Saiitis  and  Liifuuls. 

{\x''\.^  Adhfsion  of  Lit/uit/s  to  Stlitls.  —  That  the  «urfa4*«^  of 
M)li(U  are  p*it<T:illy  wcttt^l  whi'ii  dip|M*d  into  a  liquid  is  a  fact 
uni\<'i'^ally  kimwn,  and  it  is  M'lf-i^vident  that  the  liquid  molo> 
c»ih*s  an?  hfld  to  tin*  solitl  surface  bv  a  mutual  attraction  lietwcea 


*   For  a  i|f««  n|M[K»n  t*(  thr  ^«ni>a«  rvnH-tita  o«ci|  in  lh<*  UNommrr.  tKe  if^ilit 
irl«*rT««l  r«»  i\tr  ««»ri«  on  (iHtnuAl  ni«nipuUtions  bj  FanteUjr,  MurAi,  ami  oCb«n. 
t  Miller.  ElciiH-nu  uf  Clirtmtirjr,  pm^  59. 
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tlie  liquid  and  solid  particles.  The  strength  of  this  attraction, 
which  is  much  greater  than  is  generally  supposed,  can  be  made 
evident  by  a  simple  experiment.  If  a  disk  of  glass  is  suspended 
to  the  pan  of  a  hydrostatic  balance,  and,  having  been  exactly 
counterpoised  by  weights  in  the  opposite  pan,  is  applied  to  the 
surface  of  a  liquid  capable  of  wetting  it,  it  will  be  found  neces- 
sary to  add  a  very  considerable  weight  to  the  counterpoise  in 
order  to  separate  the  disk.  Moreover,  when  the  separation  takes 
place,  the  disk  will  be  found  wet,  diowing  that  the  separation 
has  been  between  the  particles  of  liquid,  and  not  between  tlie 
rolid  and  liquid  surfaces,  and  indicating  that  the  adhesion  was 
l^reater  than  the  coliesion  of  the  liquid. 

In  experiments  made  by  Gay-Lussac,  at  a  temperature  of  8®, 
\ritli  a  circular  plate  118.366  m.  m.  in  diameter,  59.4  gram,  wero 
x-^uired  to  separate  it  from  water,  31.08  to  separate  it  from  alco- 
liol  (Sp.  Gr.  =  0.819G),  and  34.1  to  separate  it  from  oil  of  tur- 
j)Ciitine.     It  was  also  found  that  the  substance  and  thickness  of 
^lio  plate  had  no  influence  on  the  result,  proving,  as  before,  that 
Xhe  force  overcome  by  tlie  weight  was  the  cohesion  between  the 
'particles  of  the  liquid,  and  further  showing   that  the  distance 
through  which  the  force  acted  was  less  than  the  thickness  of  the 
liquid  fihn  which  remained  adhering  to  the  plate.     These  num- 
bers caiuiot,  however,  1x5  regarded  as  a  direct  measure  of  the  rel- 
ative cohesion  of  the  three  liquids,  as  could  easily  be  show'i  ly  a 
further  examination  of  the  conditions  of  the  experiment. 

Adiicsion  also  exists  between  liquids  and  such  solid  surfaces  as 
they  have  not  the  jwwer  of  wetting.  Gay-Lussac  found  tliat  a 
disk  of  glass  adhered  to  the  surface  of  mercury  with  a  very  con- 
siderable force.  In  an  experiment  made  as  just  described,  with 
a  dihk  of  glass  118  m.  m.  in  diameter,  resting  on  the  surface  of 
a  basin  of  mercury,  it  required  in  one  case  296  gram.,  and  in 
another  158  gram.,  to  effect  a  separation,  the  amount  of  weight 
required  depending  on  the  manner  in  which  the  surfaces  were 
applied  to  each  other.  In  these  experiments,  when  the  surfaces 
were  parted,  the  separation  took  place  between  the  mercury  and 
the  glass,  indicating  that  the  weight  overcame  the  adhesion  of  the 
heterogeneous  particles,  and  not  the  cohesion  of  the  liquid,  as  in 
the  other  experiments.  Moreover,  the  force  required  to  effect 
the  separation  was  no  longer  independent  of  the  material  of  the 
disk. 
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(184.)  Capillar!/  Attraction.  —  Wlicii  a  solid  body  U  par 
tiully  iinniersc-d  iit  a  liciiiid,  tlio  force  of  adluMioii  proilutx-*  iiu- 
|K>rUiiit  n»MliriL'utiuii3  in  llio  laws  of  liquid  uqtiilibriuui  u  alnnulT 
oiiiiiiviuUHl.  Thus,  fur  vxuniplc,  if  wu  dip  Ute  uiid  of  a  fiuv 
gloMi  tul)c,  2  or  3  inilliinetrcs  in  (liamolcr,  into  water,  tliv  liquii) 
will  not  inaiiitoiii  tlio  suuio  luvel  witbm  and  witlimil  lite  IuIk  a> 
rctiuirctl  liy  llio  principle  of  (130),  but  will  lie  elo\~ated  iu  Uh- 
interior  of  tlic  tulw,  and  nwintaincd  at  a  liviglit  whivli  u  very 
couxideralilr  alwvc  tlio  exterior  level,  and  wliich  is  Uin  pvau-r  die 
smaller  tlio  diameter  of  llio  tube.  Moreover,  tlw  surincc  of  ibi- 
water  doeit  not  rcniiiin  borizontul  near  tlie  walls  of  tlio  tulw,  a» 
nijiiirod  by  (l:i'J),  but  on  tbe  ouL-iide  it  curve* 
toward:!  tbe  tulw,  as  represented  in  Fig.  ulO.  aitd 
in  tbe  interior  it  asvuues  a  coiieuve  form,  wbirh. 
for  IuIm-h  litis  than  2  millituctres  in  diamoier,  i* 
MHifihly  )H>misp]ivrieal.  Jf  now  wu  dip  tlie  cud 
of  tbe  same  tnl>e  into  liquid  inereury,  we  uliall 
obtuin  a  result  e<)ually  opiKKied  to  tlie  Uwk  of 
"*■*"'-  liijnid    cipiilibriinn,   but    of    n   reverM'd    urdrr. 

Till!  rulumn  of  imTuury  in  tlw  interior  uf  iLo 
tulie  will  )k>  di>|in!»scd  Im'Iiiw  tbe  outsido  luvel,  and  its  Mtrfao' 
will  iissunio  a  t-unvcx  sbu|io,  which  fur  a  mnall  tHU*  is  as  before 
KHisihly  liemiKplierinil,  while  on  the  out>idu  tbe  Mirfiuv  <>f  iIk- 
liquid  will  i-une  fnim  tbe  tul>c,  aM  if  n-|ifll'-<l  by 
it  (FiL'.  :t1l>.  Ity  n-iN-atini:  ihesi-  cxinTiiif-nt* 
dilli-n-iit  liquids,  and  with  In1>e:<  of  i:iri>>u« 
kind-,  we  ^b;lll  obtain  n'Nult.-  like  the  lir-l  «b>-n- 
ri.T  Ih'-  liqiiiil  has  the  jkiwit  of  wvtiiii;:  tli- 
H..IU  of  lb.>  tuU>.  iitid  r<->uli!>  liko  the  Mv.>nd 
whi'ii  ibi"  n-vi-rsf  i<  tbi'f:iM';  while  \i\  j-hii.-  f.-w 
iMM's  ( w<.  fur  e\aiupl>'.  wlii-n  (ho  tulu*  i>  |Hili-h--'i 
•■l.M'l.  mid  tb.-  li.|iii.l  is  al.-.>bub  the  l.>v.-l  will  n-t 
ii<l  lb<-  Mirfa.-.-  of  (li.t  li.piiil  will  n>iiiuin  borit»niul 
bin  :iiid  witliuiit  Ibi'  tiiln-.  TIk-si*  pbi-nonK-nu  un>  tiTtwl 
■;d  rii/ii//iirif»,  mill  lb<'  riirvi-d  Mirfin-rs  wliich  tbe  liquids 
ii»iini.-  in  tbi-  pn.\iiiuiy  ..f  -did  U-il.-*  nn>  .-idl-il.  n-si-vliv.-ly. 
ciiiicavc  mill   mnv.'x   mraitruui.      In    >tiidyiiii:  thi<>  sn1>tii-t.  w.- 

will  rir«t  r id.T  wbat  ('Laii'j>-s  Mu-  iiinli-<'iilar  fon-e^  niii-l  U-  ^\- 

|«Tt.'.l  I.I  i)ri«lii.->  (I  iiriiiri  in  tli<>  l;iw.  uf  liquid  i-qinlibriiiiii,  and 
alt'TwanU  wc  will  eiuinino  the  pbcnomeiia  und  tw  liow  clttjtlv 


E 
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llie  facta  coincide  with  our  theoretical  deduction.    Let  us  com* 
meiiuo  with  the  simplest  case  possible,  and  cousider  how  the  sui^ 
&ce  of  a  liquid  must  be  disturbed  by  the 
contact  of  a  solid  bar. 

Take,  for  example,  a  liquid  particle,  m 
(Pig.  312),  in  contact  with  a  solid  bar, 
dipping  under  the  Eiirface  of  any  liquid. 
This  particle  is  evidently  acted  upon  by 
the  force  of  gravity,  g,  and  by  three  otlicr 
forces.  The  first  of  tlieso,  /,  is  the  rostll^ 
snt  of  tlie  attractive  forces  exerted  by  the 
liquid  particles  included  in  tlie  quarter-  .»■-— 

sphere  mab.  The  other  two,/'  and/",  are  tlie  resultants  of  tlio 
attractive  forces  exerted  by  tlio  solid  panicles  included  in  tlie 
two  q)i arte r-splic res  moc  and  m o b,  tlio  radius  of  the  spltcre  in 
eacJi  case  being  tlio  insensible  distance  tlirough  wliicli  the  niole- 
culor  forces  can  act.  Wo  can  now  decompose  eacli  of  tlicso  tlii-co 
forces  into  a  vertical  and  a  horizontal  component.  CouKidcring 
the  components  wliicli  act  in  tlio  directions  ma  or  mb  [fositive, 
vc  shall  ha%'o  for  tlic  hoHzontal  components  (35), 

/  cos  45°,  — /'  cos  45°,  — /"  cos  Ao' ; 

and  remcmlwring  that  /"  =  /',  wc  shall  also  liavo  for  the  single 
resultant  of  the  three  horizontal  components  (/ —  2/')  cos  A^j". 
In  like  manner,  for  the  vertical  comi>onents,  including  gravity, 
ve  slmll  have, — 

i'l         /  <^os  45°,         — /'  cos  45°,         /"  cos  45°, 
and  for  the  single  vertical  resultant,^  r{-fco%  45°.     Let  us  next 
inquire  what  will  bo  tlic  direction  of  the  final  resultant  of  the 
liorizuntal  and  vertical  forces,  whose  lalnos  are 

(1.)  (/-2/')»»«";  (2.)  S-  +  /COS45.  [121.] 
It  is  evident  tliat  the  vertical  foree  must  always  I>o  positive,  and 
hence  directed  downwards;  but  the  direction  of  the  horizontal 
force  will  depend  on  the  relative  values  of /and/',  tliat  is,  on  llie 
relative  strength  of  tlie  cohet'ivo  and  adhesive  attractions.  Tlicio 
may  bo  three  cases,  accoi-ding  as  /  is  less  than,  is  greater  than, 
or  is  equal  to  2  /'.     AVe  will  consider  each  ease  scjmratcly. 

1st.  When  /  <  2  /'.  If  the  colicsivo  force  is  less  than  twice 
the  adhesive  force,  then  the  linrizontal  fon^e  [121.  1]  is  negative, 
and  the  resultant  of  this  force  with  the  vertical  force  [121.  2]  will 
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fall  witbiu  tlio  atiglo  bmo,  and  take,  for  exunfrfe,  the  dinctioi 
M  R  (Fig.  313).  Now,  since  tlw  nirface  of  «  liquid  mtwl  Rt 
every  point  bo  normal  to  the  rctiultant  of  sll 
tlie  forces  acting  at  tliat  {loint  (129),  it  M- 
lows  that  tlic  liipiitl  !<iirface  vill  Iv  drawn 
up  towards  tho  solid  bar,  m>  a.i  to  1«  prr- 
pendicular  tu  the  line  MR,  and  tancvnl  in 
the  line  M  If,  making  with  ttie  liar  an  atiglf 
D  M  N,  which  is  constant  for  tlie  »ainc  » mI»- 
"  "*  Htances,  and  is  called  the  angle  of  niniact. 

If  Dext  we  consider  the  liqnid  partielcii  M'  Jtf",  Ac.  adjaivul 
to  JV  on  the  surface  of  the  li<]tiid,  it  is  evident  that  on  afvount 
of  their  greater  distance  they  will  bo  acted  upon  Icm  ntroiigl; 
by  the  solid  bar,  and  hence  the  resultants  M  R,  M'R',  Ac. 
will  approach  more  and  more  nearly  tlte  vertionl,  with  which 
tlicy  will  soon  coincide.  Thus  it  appears  that  the  li<|uid  tnirfare. 
which  must  be  at  each  point  |)er|)endicular  to  lliose  rvsulianls. 
will  bo  curved  up  towards  the  bar.  but  will  become  liorixnntal  al 
a  certain  suiull  distance  from  it.  It  is  ca^y  to  see  tlut.  if  a  w^ 
ond  bar  in  di|>)H.'d  into  the  liquid  parallel  to  llic  first,  the  surfac* 
of  tho  licjuid  between  Uio  bars  will  take  (he  form  of  a  i-oncaw 
cylindrical  surface,  in  ca»e  the  bars  arc  sufficiently  near  lofiHlier, 
and  that  in  a  lul>c  it  would  take  the  form  of  a  concave  mcniM'us 
fonm*d  by  the  rt.'Volution  of  the  curve  .>f  .V'  .V'  round  tlw  axis 
of  the  till"'. 

•Jd.    \Vhcii/>2/'.      If  the   culie^ivc   fiiri-o  is  prpati-r  than 

twice  the  U'lhcsivv  fon-**.  then  tbi'  borizuntal  font-  [1:!1.   1]  » 

positivv,  and  cuiisvijucntly  dircctwl  towunis  tbc  lii|iiid.     il<-iK-« 

the  resultant  of  this  fuR-e  and  the  xvr- 

tifiil  fon-e   [V2l.  2]  will  fall   wilbin  the 

un^rle  amb  (Fig.  'M'2),  taking,  fur  es- 

ani|>le.   the   direetiun  MR   (Fie.  :n4>. 

mill  the  surfuee  «f  the  lii|uid  will  lie  ikt- 

|H'iidieuliir  to  this  r<>sultan(.uiakini!  with 

llie  >..hd  l>ar  an  aiit:le  D  .V.V  les>  tbaii 

^^  "'  IMi*.    Miin-over.  fiir  III.'  particles  .V  .  .V  . 

&r.  adi;ireiit  to  .V  nil  the  Mirfui f  the  lii(ni<l,  it  can  l>e  proved 

that  iIk'  re«iilt:iiil«  uf  ihe  iiiulei-iilar  fiiree!.  and  gruvily  will  ap- 
proach till-  \ertii-iil  neunT  mid  nearer  the  farlher  we  rifi-de  fnm 
tlu!  bur,  and  Hill  K>un  coincide  with  it.     llcnco  it  follows  that 
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tlic  liquid  surface  will,  in  this  case,  be  convex,  taking  the  form 
of  a  convex  cylinder  between  two  parallel  bars,  and  of  a  convex 
meniscus  in  a  fine  tube. 

8d.  When  /  =  2  /'.  When  the  cohesive  force  exactly  equals 
twice  the  adhesive  force,  tlien  the  horizontal  force  [121. 1 J  becomes 
zero,  and  the  i-esultant  of  all  tlie  molecular  forces  and  gravity, 
acting  on  the  particle  m,  coincides  with  the  vertical.  In  tliis 
case  alone  the  surface  of  tlie  liquid  is  horizontal,  even  to  the  line 
of  contact  with  the  solid  bar,  and  consequently,  likewise,  hori- 
zontal Iwtween  two  bars,  or  in  the  interior  of  a  tube. 

(185.)    Form  of  the  Meniscus.  —  It  is  evident  from  the  last 
s^ection,  that  the  exact  form  of  the  meniscus,  and  the  angle  of 
oontact,  depend  upon  the  relative  values  of /and  2/'  [121],  and 
lieiice  upon  the  nature  of  the  solids  and  liquids  used.     The  con- 
clitions  are  changed,  however,  when,  as  is  usual  in  such  experi- 
xnents,  the  solid  bar  or  tulx)  has  been  previously  rinsed  with  the 
liquid.     In  such  cases  the  action  takes  place  between  the  parti- 
^cs  of  the  thin  film  of  liqiiid  covering  the  solid,  and  those  of  the 
S4ime  liquid  into  which  it  is  dipped,  the  solid  itself  serving  only 
^to  sustain  the  liquid  film,  and  it  is  then  foimd  that  the  result  is 
entirely  independent  of  the  nature  of  the  solid.     Moreover,  when 
the  solid  has  not  been  previously  moistened,  the  phenomena  are 
rendered  very  irregular  by  the  film  of  air  which  covers  the  sur- 
face of  the  bar  or  tul^e,  and  which  it  is  almost  impossible  to 
remove  without  moistening  the  whole  surface.     So  also,  when  the 
liquid  has  not  the  power  of  wetting  the  solid  surface,  as  in  the 
case  of  mercury  and  glass,  there  may  bo  a  film  of  air  between 
the  two  of  sufficient  thickness  to  keep  the  liquid  particles  beyond 
the  sphere  of  action  of  the  adhesive  force.     In  such  cases  the 
form  of  the  liquid  surface  will  l)e  determined  by  the  action  of 
the  cohesive  force  alone,  and  this  action  will  be  entirely  similar 
to  that  which  gives  to  the  rain-drop  its  spherical  form  (129). 

Since  it  has  been  obser\'ed  that  the  surface  of  a  liquid  in  a 
tul)e  is  concave  when  it  wets  the  walls  of  the  tube,  and  convex 
when  it  has  not  the  power  of  thus  wetting  them,  it  follows  from 
the  last  section  that  a  liquid  will  wet  a  solid  surface  when  the 
force  of  cohesion  between  its  particles  is  less  than  twice  the  force 
of  adhesion  of  these  particles  to  the  solid. 

(186.)  Pressure  exerted  by  the  Molecular  Forces,  —  Having 
seen  how  the  molecular  forces  may  modifv  the  form  of  a  liquid 
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BurfacR,  niid  produce  cither  &  coiicsto  or  •  conrei  i 
us  furtlivr  luquiru  liov  (lie  form  of  tlic  surfaco  uuit  modiU  ilii>  ■ 
law  of  liqiiii)  jin-'ssuru  alruudj'  etiuiH'iatod  (l^)-  In  iliN:ti«>iii|r~^K 
the  mibjuct  of  liijiiiil  pruKHurc,  cauMMl  liy  tlio  force  of  |m*iiT  — ' 
(123  icq.'),  wo  K'fl  out  of  view  any  a^^lioii  which  niifiht  \*y  — *■ 
e.<ccrt:-d  l>y  the  luoleculur  forces  emanating  from  llio  lit|UHl  -M 
inrliclcH  theinwlvc>!t.  This  \.'iu\n  Ha  into  no  error,  so  lon^  as  the  -^ 
surfaco  of  llio  li<)iiiil  ih  liDrizoulul ;  but  wli;m,  as  in  capilUry 
tultcsi,  tliis  Niirfiice  iii  curvo>l,  t!io  ootioii  of  tlio  HM^eeular  fom-s 
can  nu  loriji^cr  bo  disrepinled.  In  ordiT  to  inrcstigau  t'i>  man- 
iier  in  which  the  molecular  forecs  may  iiiftuenoii  the  |>re)>»iir: 
exerted  by  a  rquid  mant, 
Icrtiiiiiated  by  a  ^vi-n 
surface,  A  V  (Fifi.  ;U.".>. 
let  us  Ktudy  the  •ftion 
wliieh  t'ley  would  exert 
on  any  |Kirtielc  taken  a:i 
or  near  this  furfoej.  IC 
tliis  ntoleeulo  i;t  on  tUf 
lur/aee,  as  Jtf,  it  will  crideiilly  )>c  atlmrtM  by  all  tlie  |>artlcl.'5 
of  liquid  eom)iri!<«-<l  within  the  heniispliero  d  -MTilicd  ruinid  the 
point  .V,  will)  a  radius  ttgual  to  the  lUstaiure  of  $etuible  allrac- 
lion,  and  it  is  t-usy  to  I'l.-i!  that  l!i->  n-Miltant  of  all  these  attrai-iii'v 
fnrci's  will  U?  in  the  dinviinTi  M  l\  normal  lo  tin-  furfiiiv,  1/ 
the  nioli'ciil''  is  iril/iin  Uir  niirfiivr.  »■*  at  M  .  (Itcn  llh-  u<-lit->>  )ii>r- 
tion  of  the  liiiiiid  will  In'  the  ih;»>s  iMi-bhxil  by  the  s/thrrr  of  tfm- 
tibh-  altntrli'in.  A  U  ('.  This  may  U-  dividf<l  iiilo  ibrr.'  i<irt* 
by  an  .-.(iiatoriiil  j.l.ui.-.  /'  Q.  ami  by  a  Mirfa.i'.  A  H\  rymmflri.-J 
with  .-1  />',  itiid  iijuiilivlatit  rniiii  iln'  iijualor.  TIk>  nlimelioti  c^- 
ertrd  by  tb<>  |x>i  lion  A  H  P  <^  is  .-viib-titlv  l.iilanotl  bv  lb.- .-.,.«! 
^•'rl-l  by  .1  /{  />  Q.  HI  that  lb.-  r.-'ult  i< 
111.-  w.r.-  ..Illy  iitlra.-ti-.i  by  lli.-  |...r(i..:» 
..r  all  tb.-  :.rira.liv.'  lom-s  .x.-ri  -.1  bv 
ibi-'  [Hirtioti  of  the  s|>ben>  i«  ■■ud>-iiily 
111  Mill  il  i-  iMirmal  to  Ihr  Mirfa.-.-.  F<- 
iib',  ,1/  ,  (//  (I  ilifliiHce  frnut  l/ir  xur/arr 
isihtt  iitlnirtioH.  it   it  fvLlcnt  thai   iSe 

>ii  il  »i1l  bala .•a.-b  olhcr.      If  tli.-:t 

IMHilb'l  to  A  V.  ami  al  a  di-'laiKi-  foMii 
4-a-'ibk-  iilinii'iiun,  wv  >hull  liavo  cuiu- 
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prised  between  these  two  surfaces  a  liquid  film  whose  particles 
are  under  the  iiitiuence  of  forces  acting  perpendicularly  to  the 
surfaces,  and  exerting  an  effect  Bimilar  to  tliat  of  gravity.  There 
must  then  result  from  the  action  of  thcso  molecular  forces  a 
pressure,  which  will  l>c  transmitted  in  all  directions,  according  to 
Uie  principle  of  (120),  and  whose  effect  must  be  added  to  those 
of  gravity  and  atmospheric  pressure. 

(187.)  Amount  and  Effect  of  the  Molecular  Pressure. — 
Zict  us  now  inquire  whotlier  the  form  of  the  surface  exerts  any 
i.'iflueuco  on  the  amount  of  the  niulecular  pressure.  For  this 
purpose  let  us  toko  a  molecule,  M'  (Fig.  316),  at  a  distance 
Ijclow  the  surface,  M'  II,  less  than  M'C, 
Clie  radius  of  scnsiblo  attraction,  and  con- 
eider  what  win  l>c  tho  relative  amount 
of  molecular  pressure  exerted  by  this 
xnolccule,  —  let,  when  tho  surface  is 
3)lanc;  2dly,  when  it  is  concave;  and 
Sdly,  when  it  is  convex. 

If  the  surface  is  piano,  eis  A  B,  tlic 
attraction  exerted  by  the  liiniid  ma.i8 
A  BPQ  is  balanced  by  that  of  A'  li'  PQ, 
and  tho  only  force  which  produces  pres- 
sure is  tlio  attraction  exerted  ly  A'B'C.  Let  us  represent  the 
■^aluo  of  Uiis  force  by  A. 

If  now  the  surface  is  concave,  as  D I^,  it  is  evident  that  the 
**n)y  ixjrtion  of  the  licjuid  within  tho  Fphcro  of  rcnsihle  attraction, 
^"liose  attractive  force  is  not  neutralized,  is  tho  jiorlion  jy EC, 
*^*it  off  by  a  surface  Z*" /J',  drawn  Eymmetrically  to  D  E.  .'■'ince 
*-\ii9  liquid  mass  is  less  than  A'  B'C,  the  attractive  force  which 
*  *;  exerts  must  bo  Ut-s  by  an  amount  wo  will  call  B,  and  it  is  evi- 
*iciit  that  the  value  of  B  will  increase  as  tho  radius  of  curvattire 
*::if  t!iQ  surface  diminishes.  The  v.ilnc  cf  the  force  which  is  ex- 
*irtcd  in  molecular  pressure  may  then  bo  represented  by  A  —  B, 
'Vvhcu  the  surface  is  concave. 

If,  lastly,  the  surface  is  convex,  as  A'i,  and  wc  draw  K'  L' 
*»ymmctrical  with  this,  it  is  equally  evident  that  Ibo  active  por- 
tion of  the  liquid  is  now  K'  L'  C;  and  fincc  this  mass  is  greater 
than  A'  B'  C,  the  value  of  the  molecular  pressure  may  be  rcpro- 
ecnted  by  j4+  />',  when  tho  surface  is  convex. 

Since  what  has  been  shown  to  be  true  of  the  pressure  exerted 
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by  the  molocnle  M'  is  true  of  all  the  molecule*  contained  ia  Ibe 
tliiii  film  iNiuiidcd  \>j  tlio  surfaces  X  Y,  and  X'  Y*  (Fig.  Slo>,it 
foIloTs  that,  when  tlio  siirfaco  uf  a  column  of  liquid  ia  coacan. 
it  exerts  a  \-yes  pressure,  and  courcrscly,  vlica  tlio  suriAoeii 
convex,  it  exerts  a  greater  pressure  Uian  when  It  is  piano,  »■ 
suniiitg  always  that  the  radius  of  eurratura  of  tlie  surfiuc  ii 
coinparahio  with  the  radius  of  scusihlo  atlraction. 

(188.)  Ejfer.ls  of  Mufrmlar  Prttswre.  —  It  is  now  easy  u 
see  iu  what  way  the  iimlccular  pressure  may  modify  tlic  yriu- 
cipio  of  (130),  whcu  o:io  of  the  rcsscls  is  very  small.  Ijet  u* 
8up|>usc,  then,  that  wo  have  a  fine  tiiho  uf 
glasfi,  dipping  iuti>  a  liquid  (Fig.  317 ).  Tr 
the  ]iriucij)lc!i  of  hydrostatics,  the  l.-rcl  uf 
the  liquid  shouhl  Ito  the  same  witliin  and 
without  th:  tulic,  liceaUM  it  is  a  nccoMary 
coiiditiou  of  cipiililtrium  that  the  prerMito  on 
any  givrn  sot-tioti,  os  .V,V.  i^hould  l«  l!ie 
same,  whctlii^r  cxcrtod  hy  tlio  coluiu:i  of  liquid 
in  the  tul)o,  or  liy  the  liquid  moss  outside,  and 
this  ca:i  oiilv  \>i  when 


S.II.  (.«..^'V.)  =  .«; .  //' .  (iv).f7r.) 


[122.] 


r>r  whcu  II  =^  JI  ( compare  l."0).  This  equation,  lioweTor,  only 
lias  rr^Mni  li»  \\\n  prt-ssiiro  exerted  I'V  liquids  iu  coii!«i)ucnce  uf 
tlii'ir  W('ii:hl,  nlth<)Ui;h,a.4  wc  huviijnst  taxA,  the  niulcciilar  furvn 
I'x-rt  a  pn-ssur ;  thoiusclv.-Jt  whose  clTi-ft  nltl^t  be  added  to  tluU 
I'f  ;;raviiy.  As  i!i<-  surface  uf  the  liquid  outride  the  tube  is  liuri- 
ruiil  il.  ihi-  >n'i!'viil.ir  pn;ssun;  tniiisniittcd  l-y  it  to  (he  secliiKi 
.1/  .V  may  U:  ri-pn-wntcd  hy  ,1,  ami  iho  wlndc  pressure  on  llw 
'..rli.m  wilt  lio  a.  II .  (>/..f/r.)  +  A.  If.  h.>w,.v..r.  th.-  li.guid 
a-i'ls  tlie  lnW\  till-  iiilorior  surface  will  Ik)  concave,  and  (he  pre»- 
'iint  tniiiMniltid  rmiii  \'.\-i  iiit.riiiF  uf  the  tulH-  lo  the  section  will 
!"■  >■  .  II  .  (  >>.<->. )-f-  (.!—/;).  Kvidcntly  ihere  can  only  l* 
i.i  i-<|iiilil>riuiii  w'l.ii 


.//.I 


.1 


.  //  ,(.>.f,V.)  +  (.l_5), 


//       //-f-  A;  [12S.] 

.  Miy.  wlu'ii   ihi-  l.v.l   ill   the  tiil«  is  nl»>Te  the  lertl 
The  difference  of  )cTel(  A,   nu-a^urvs  tliu  diOorctw«  of 
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prossuro,  B,  caosed  bj  the  concavity  of  the 
surface. 

If  tlio  liquid  does  not  irot  tho  tiibo  (Fig. 
818),  tlicii  tho  interior  surface  will  bo  con- 
Tcx,  and  the  pressure  transmitted  from  tho 
interior  of  the  tube  to  tlio  section  will  be 
S.  II' .  CSp.Gr.-)  +  (A  +  B%  Weshall 
tlicii  have  cqu-librituu  whea 


nt  sts. 


S.II  .(F,',.Gr.)-i-A=S.II\(^Sp.ar.y-{-(^A-\-B'), 
or 

B'  =  H  —  h';  [124.] 

:liat  is  to  say,  when  the  level  in  the  tube  is  liclow  tho  level  out- 
ride ;  and  here,  as  before,  the  difference  of  level  measnres  the 
Sifleronco  of  pressure,  which  is  caused  in  this  case  by  tlie  con- 
vexity of  the  surface. 

Between  these  two  conditions  there  is  a  tliird,  in  which  the 
liquid  surface  is  level  within  tho  tube.  In  this  caso  it  is  evident 
"tliat  the  molecular  pressures  will  balance  each  other,  and  there 
can  be  equilibrium  only  when  H'  ^  H,  or  when  the  level  is  the 
same  within  and  without  the  tube. 

Tho^c  rcKults,  which  we  have  now  deduced  theoretically,  are 
fully  confirmed  by  observation  ;  for  we  find,  as  has  already  been 
stated  (184),  that  a  concave  meniscus  is  always  accompanied  by 
an  elevation  of  the  liquid  column  in  a  capillary  tube,  and  a  con- 
vex meniscus  by  a  corresponding  depression.  Tlie  phenomena 
of  capillarity  may  be  illustrated  not  only 
by  means  of  a  simple  tul>c,  as  represented 
in  Figs.  310  and  311,  but  aha  by  a  siphon 
tube,  one  of  whoso  branches  is  very  small, 
while  the  other  is  at  least  20  millimetres 
in  diameter  (Figs.  319  and  320).  Tlic 
depi-cssinn  or  elevation  of  the  liquid  in 
the  smaller  tube  becomes  then  very  evi- 
dent, and  can  easily  be  measured.  A 
number  of  these  tubes  may  \k  jnountcd 
tofntthcr  for  comparison,  as  represented 
in  Fig.  321. 

These  phenomena  are  entirely  independent  of  the  prcssura 
80* 


'■^^ 


piienomc 
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to  wliivh  tlio  i^)panlni  U  «- 
])ns(^.  Tltcy  ftru  the  suoe  in 
c(>ni|irc!<NHl  air  as  iii  k  racuuB, 
and  an!  iiut  iiiHucuL'cd  lijr  (Ik 
tliickiicra  of  tlic  vulls  (if  the 
tiil>c.  Tltoy  van',  mi  tlw  M^ 
(T  liaiid,  Willi  ttio  »tali'ml  tt 
tlic  tiilx:,  atid  witli  tlw  iiatuic 
of  ttic  lri|iiid.  WliPn.  hut- 
ever,  tlic  tiilic  lias  pfvvioii^lr 
liccii  wot  with  tlic  li<|ui«I.  tlw 
|>liciioiiiciia  arc  alni  oiilirrlr 
iiidviM^iidciit  of  llic  material 
of  which  it  is  formed,  and  at 
any  frivcii  tempcrattire  ^ary 
mil/  with  Ilic  iiatiirv  of  tlw 
licjiiid  aitJ  tho  diameh-r  of 
I'.ic  tiiltc. 

If  wc  take  tiihos  of  t\\f  ume 
dinm<>UT,  and   dip  their  ends 
"*™  in  difTL'reiit  iKiuids.  cafxiUc  of 

moistfiiiiitf  thi»  walls,  wc  find  that  thf  In  iirlits  t"  wliit-li  (Iw  lujicd 
coliiniii!)  an.'  i-h'Viititi  (ItfTiT  vi-ry  frrt'iilly.  If  l!i  •  tiilv  ii  l.;'i  in.  i:i. 
in  di:iiiii-UT.  till-  lii'i;rlit  ih  '2-\A  hi.  ni.  for  waUT.  '.'.>•  i:\.  m.  r->r  <nl 
iif  tiiri«-i.lii..-.  7."7  III.  in.  f..r  iil.v.lii.l.  and  Mill  l.-ss  f..r  .tl.  r.  U 
is  i-.M-iili;il  in  lli.'x-  cxinTim.'nls  lluit  tho  tiiU-s  slicnil.l  !■.>  (,r- 
vi..u-ly  <'l<':iii.-l.  an.l  lan-t'iilly  liiiH-d  ..nl  witli  lli.-  Ii.,ni<]  f.  U- 
n-i'd.  (Kli'-rui..-  III.-  ).|i.-ii<>im-iia  an'  uU>  infliK-nv.d  l.v  ti..-  mv 
t-ii:il  of  th-  I>il-.  I.II.1  an-  r.-nd.-n-d  v.-iy  irn  ;;nlar  ly  tii-  liiin  '•( 
air  adln-rinLi  I.,  ll..-  Mirf;!.-.  This  is  .^j-vially  irno  »h.  :i  fi- 
li<liii-l  lias  ni>t  ll»'  jiowrr  of  wi-iiinir  tin-  surtati-.  und  iIk-  or-i  r  of 
tlu-  t.)iriiuui.'i>a  i<  r.urM-.l.  Th.'  niii..<in(  ..f  a.-|.n->M..„  i.,  ..!.:■ 
•  ri'M-v  lint  ..iil>  \ai-i.-^  uiili  t1i<>  natiiiv  „(  tin-  lii1->  and  ..(  i!.-- 
li<|iiid.  Iiiit,  iii«r>-ni.'r.  it  is  not  ll»'  ^alll.■  f>ir  lhi>  >aiii<>  till-  ai,.[ 
li<liiii|  nnd<-r  diD'-nnt  rinniii-'laiii-vs.  Fur  v\aiii|<l.-.  in  tin-  i-a.-*- 
of  nM-n-nry  iu..l  via-.  ll»-  f»riii  of  lli.-  iii.'iiiM-(i>.  uiol  tl..-  d>-)^-- 
.-ion  of  tin-  in.riiny  .oliiinn,  w|iirii  .i.-|- iids  ii|-in  thi-  f.iriii.  »ary 
H>  (fn-ally  with  tin-  ini[iiirity  i>r  lli.-  ni.-tal.  tin-  [.n-*<'n.-.-  i.f  lli.-  mir. 
and  111.'  niiliin-  ..f  itu-  i;la>-,  that  it  i»  not  |iii.--iM.-  lo  eahuUlo  tlw 
BMioiiiit  from  any  gfiit.-nil  im-aMin-iiH'nls,  l>nt  it  is  iioccssaiy  to  dv- 
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ine  it  Ity  experiment  for  each  particular  iastniment  Tlius, 
e  B&me  tube  the  mercury  cohimu  will  be  more  depressed  iu 
luum  than  in  the  air,  especially  when  the  air  is  moist.  So, 
mercury  which  has  been  boiled  in  the  air  forms  a  less  con- 
meuiBCUS  than  mercury  which  has  been  boiled  in  an  atmos- 
;  of  hydrogen  or  carbonic  acid.  And  lastly,  a  small  amouut 
;ide  dissolved  in  tlie  mercury  may  even  invert  the  order  of 
>henomena,  causing  it  to  assume  a  plane,  or  even  a  slightly 
ive  surface. 

dctermhiing  tho  amouut  of  pressure  from  the  height  of 
^rciiry  column  in  a  barometer  tube,  or  in  other  forms  of 
apparatus  tised  in  experiments  on  gases,  it  is  important 
irrcct  the  observations  for  tho  capillary  depression  ;  hut 
,  from  the  causes  just  stated,  tho  amount  is  uncertain,  it  is 
cither  to  use  tubes  )fo  large  that  it  is  rendered  insensible, 
>c  sp  to  arrange  the  apparatus  that  tho  effect  of  capillarity  in 
.rm  of  a  siplion  is  balanced  by  an  equal  effect  in  tlic  otlier. 
c  barometers  of  Rcgnaiilt  and  Fortin  the  amount  of  dcpres- 
is  a  constant  quantity,  and  is  determined  once  for  each  iustru- 

(159  and  100)  ;  but  even  in  a  well-made  barometer  the 
CO  of  tlie  mercury  is  liable  to  changes,  which  alter  the  form 
le  meniscus,  and  consequently  cause  a  variation  in  the 
lut  of  depression.  The  convexity  of  the  meniscus  can  gen- 
/  be  restored  by  tapping  on  the  glass ;  but  when  the  surface 
e  mercury  is  badly  soiled,  it  is  necessary  to  refill  the  tube. 
39.)  Numerical  Laics.  —  Although  tlic  theory  of  capillarity, 
us  far  developed,  explains  and  predicts  tho  general  order 
0  phenomena,  it  does  not  yet  enable  us  to  calculate  the 
int  of  the  elevation  and  depression  in  different 
.  Tliis,  as  we  have  seen,  varies  witli  the  na^ 
of  the  liquid,  and,  when  tlic  walls  of  the  tube 
not  l)cen  previously  moistened  with  the  liquid, 
*ith  the  nature  of  the  tul>o.  But  assuming 
all  other  conditions  are  equal,  let  us  in- 
rate  the  relation  between  the  capillary  eflTect 
the  size  of  the  tnl)e. 

r  this  purpose  let  us  take  the  simple  case 
capillary  tul>e  (Pig.  322)  dipping  iu  a  mass 
(uid  which  is  capable  of  wetting  its  surface, 
which   consequently  rises  in   its   bore  to  a  m  j». 
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meaii  height  AB.  In  the  first  place,  it  is  erident  that  tht 
mass  of  the  tube  just  above  tliis  level  must  attract  tlie  liquid 
molecules  below,  and  tliat  there  will  tlius  result  a  vertical  Ibcoe, 
wliich  will  tend  to  raise  the  liquid  column.  Since  this  force  is 
proportional  to  the  numlx^r  of  solid  particles  within  the  sphrrr 
of  attraction,  and  hence  to  the  perimeter  of  tlie  tube,  we  maj 
represent  it  by  the  expression  pa,  in  which  a  is  a  coii»taiit 
quantity  depending  on  the  nature  of  the  tube  and  tlie  liquid,  and 
p  tlie  perimeter  of  the  tul)e.  If  now,  in  the  second  place,  we  coo- 
sider  the  portion  of  the  tube  between  A  B  and  CD,  it  is  equallj 
evident  that  the  attractive  forces  exerted  by  tlie  solid  piurtick* 
will  balance  each  other,  and  can  therefore  produce  no  eflfeci  either 
in  elevating  or  depressing  the  column.  Finally,  the  molecules  of 
the  tube  placed  just  above  C  D  will  attract  the  particles  sitoalad 
just  below  in  the  prolongation  of  the  liquid  column,  and  will  evi- 
dcntly  exert  a  force  tending  to  raise  this  column,  which  cguals,  as 
before,  pa^  and  wliich  added  to  the  first  gives  us  2 /» a  as  the 
whole  vahie  of  the  upward  pressure. 

But  we  have  thus  far  left  out  of  view  the  liquid  masa  below 
the  end  of  the  IuIk*.  If  we  conceive  of  the  solid  tul»e  as  pro- 
longfMl  by  a  tu1)e  of  liquid,  C  D  M  N^  it  is  evident  tliat  llie 
liquid  {Mirticlos  forming  the  walls  of  this  tul>e  will  attract  tb<Me 
of  the  lic)uid  cohimn  just  a>M)ve  CD,  and  will  thus  exert  a  f«»roe 
tending  to  dt'pn'ss  it.  Representing  by  a'  a  constant  dependiiur 
on  the  natiirt'  of  tlie  licjuid,  wo  shall  have  for  this  downward 
fon-c  tlio  vahio  pa\  and  for  the  whole  vertical  f«irce  lh«»  vahi»» 
p  {2,11  —  a  ),  a  forcf  which  will  raise  or  depress  the  mhimn 
acconlinjr  as  (2  a  —  /lO  is  j»ositivo  or  negative.  This  forx*«»  iuii*i 
evid«'ntly  Im>  (Mpial  to  tlio  w«>i;rht  of  tlie  column  of  liquid  vhioh 
it  elevates  or  do|>n»ss4*s ;  and  since  this  weight  may  U»  f«mnd 
by  multiplying  tog<»tlu*r  the  an»a  of  the  s*»ction  of  the  tuU\  s^  Um 
height  of  the  column,  A,  and  the  s|MH:ific  gravity  of  the  lit|uid, 
i^p,  (Jr,^  we  obtain 

p  {'la  —  a' )  =  1  .  A  .  (  Sp,  Or.)^ 
or 

h-  /'.-':•-"  =  ...?«",  [125.] 

in  which  last  «"  =   ^.    ^.     ,  and  U  constant  so  long  as  the  li«|uid 
and  hulistonce  of  the  tulio  are  the  same. 
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If  the  tube  is  cylindrical,  ^  :=  ~  n  =="  n  ^^^  A  =  dt  ^  a". 
For  another  tube  of  the  same  material,  but  different  diameter, 
J>,  we  obtain  A'  ==  ±  -y^  a",  whence  we  deduce 

d=  A:  db  A'  =  2)':  D,  [126.] 

or  in  words,  The  elevations  or  depressions  of  a  given  liquid  in 
cylindrical  tubes  of  the  same  maierial^  but  of  different  diameters^ 
are  inversely  proportional  to  the  diameters  of  the  tubes. 

If  the  tube  has  a  rectangular  section,  the  perimeter  is  equal 
to  2  (m  -{'  n^^  the  lengths  m  and  n  being  those  of  the  sides  of 

the  rectangle,  and  we  have  -^=     ^^  "*  ^\     When  the  length 

s         ^      mn  «         2 

of  one   side  is   infinite,  we  have   also  n  =  oo ,  ^  =  — ,  and 
2  t        m 

A  =  db  —a",  from  which  wo  can  deduce 
m     ' 

±h:  ±h'  =  m':m.  [127.] 

Tlie  case  supposed  is  evidently  that  of  two  plates  parallel  to  each 
odicr,  and  separated  by  a  distance  m.  Hence  the  elevation 
or  depression  of  a  given  liquid  between  two  parallel  plates  is 
inversely  proportional  to  their  distance  apart. 

If,  lastly,  we  compare  the  effect  produced  by  a  cylindrical  tube 

4  2 

when  h  =  zh-j^  a",  and  that  by  parallel  plates  when  A'  :=  db  —  a", 

we  obtain  the  proportion 

A:  A' =  2m:  A  [128.] 

# 
by  which   we  find,  that  when   m  =  D,   then   A  =  2  A',   or   in 
words,  The  variation  of  level  caused  by  two  plates  is  one  half 
of  that  caused  by  a  tube  of  the  same  nature^  whose  diameter  is 
equal  to  the  distance  between  the  plates, 

(190.)  Verification  of  the  Laws.  First  Law.  —  It  follows 
from  [126],  that,  if  the  first  of  the  three  numerical  laws,  which 
have  thus  been  deduced  theoretically,  is  correct,  the  product  of 
the  elevation  or  depression  of  the  liquid  column  into  the  diam- 
eter of  the  tube  must  be  always  a  constant  quantity  for  the  same 
liquid.  Tliat  this  is  approximatively,  at  least,  the  case,  is  shown 
by  the  following  table,  taken  from  Jamin's  Cours  de  Physique^ 
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to  which  WO  are  indebted  alsto  for  the  general  metliod  lbUovc4 
in  tlie  diBcnsfliou  of  this  subject. 


PL 


Water, 


Alcolml, 


(  1.20 

2S.\e 

f9M 

\  l.iH) 

loM 

f9M 

(1.29 

9.18 

11.84 

(1.90 

6.08 

11^ 

1.0C9 

ia.57 

li^i 

Parallel  riateA  ami  Wat4»r,    . 

This  law  is  not,  however,  exact,  when  tlio  diameter  of  tbe 
tube  is  so  largo  tliat  we  can  no  longer  neglect  tlie  carratnK 
of  the  surface  which  terminates  the  liquid  column  (we  aMome 
always  that  the  height  of  the  column  is  measured  to  the  lowert 
point  of  the  concavity,  or  to  the  bigliest  pdnt  of  the  con- 
vexity). When  tlie  diameter  of  the  tube  is  not  greater  than 
one  or  two  millimetres,  the  surface  is  approximatively  benu* 
spherical,  and  we  can  then  easily  estimate  the  amount  of  dcri- 
atiun.  If,  as  al)Ove,  we  represent  by  k  and  k*  the  heighu  of 
two  columns  of  the  same  litpiid  in  tubes  of  difierent  diameters, 
measured  to  the  lowest  fioiiit,  n,  of  a  concave  meniscos^  it  is  evi- 
dent that,  in  order  to  obtain  exactly  the  weight  of  theae  liquid 
columns,  we  must  add  to  the  weights  of  tlie  liquid  cjlindm 
s  .  k  .  {Sp.Gr.)  and  s* .  k' .  (^Sp.Gr.)  the  weight  of  liquid  aUive 
the  fMiiiit  n.  The  volume  of  this  liquid  is  evidently  otpud  to 
the  ditr<'rence  of  volume  between  a  liemisphere  and  a  cvlin* 
der  of  tilt*  >:uno  diam(*tcr  and  of  a  ht*ight  ei|ual  to  tlic  nulias 
of  tlie  hi'iiii>phoro.  U^ing  the  notation  of  the  lu>t  Mx*cioii.  vc 
find  for  this  volume  the  value  i  D*  nc  —  |»j  7>*  nr  =  -^^  />"  v. 
and    for    tho    total    wt*i^lits   of  the    li<|uid    coIuiiiiih    the  valui^ 

J  />*  ;r  (a  +  (^  (  Sp,  Ur. ),  and  i  />•  ;r  (*'  +  ^,J )  (^  Sfu Gr.  k and 

by  th«J  Mamo  cour>o  of  rrusonin^  as  lH.'fore  [li'>]»  we  deiliK^ 


('+c)^*(»+?)  =  '^^*- 


[1»1 


Tln»  tloubl**  ^iirn  -i-  i?*  umhI,  lMs'an«s  as  can  easily  l>e  provciK  tho 
pni|»ortif>n  is  <*i|uully  true  wh(*n  tht*  moiii^cus  is  ctuivox.  II«*ik>* 
it  foHtiw<«,  that,  when  tho  tnlN^s  are  not  more  than  one  or  two  mil- 
liin«»tn»H  ill  diamotor,  the  law  of  Inverse  pn>portions  \n  ciH'nvt, 
when  wc  add  to  the  o1»servcd  heights  one  sixtli  of  tlie  diamrter 
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of  the  tube,  the  correction  required  for  the  meniscus ;  and  obser- 
vation confirms  this  result  of  theory. 

When  the  tubes  are  verj  small,  and  the  elevations  or  depres- 
sions correspondingly  large,  we  can  neglect  the  very  small  value 

-g,  and  regard  the  law  as  accurate  without  this  correction.  When, 

however,  the  tubes  are  extremely  small,  a  new  cause  of  devia- 
tion from  the  law  is  introduced.  In  experiments  on  capillarity, 
as  already  stated,  we  can  obtain  constant  results  only  when  the 
surfaces  of  the  tubes  have  been  previously  moistened  with  tlie 
liquid  to  be  used,  and  the  results  are  then  the  same  as  if  the 
experiment  were  made  with  a  liquid  tube  of  less  diameter, 
the  solid  wall  serving  only  to  support  the  liquid  particles.  If 
the  tube  is  one  or  two  millimetres  in  diameter,  the  thickness 
of  the  liquid  film  may  be  neglected ;  but  when  the  tube  is  very 
small,  this  thickness  sensibly  diminishes  its  effective  size,  and  we 
should  therefore  expect  that  it  would  raise  a  liquid  column  to  a 
greater  height  than  that  required  by  the  law,  as  we  find  to  be 
the  case. 

When,  on  the  other  hand,  the  tubes  are  more  than  three  milli- 
metres in  diameter,  the  surface  of  the  liquid  column  differs  so 
considerably  from  that  of  a  hemisphere,  tliat  the  proportion  [129] 
no  longer  holds  true,  and  the  deviation  from  the  law  becomes 
very  large.  Even  in  such  cases,  however,  the  heights  to  which 
liquids  will  rise  can  be  calculated  when  the  precise  form  of  the 
meniscus  is  given ;  but  the  methods  are  too  complicated  for  an 
elementary  treatise. 

Second  Lata.  —  The  second  law  of  (189)  can  be  verified  by  a 
very  instructive  experiment.  If  we  take 
two  glass  plates,  united  by  hinges  at  one 
side,  and,  having  very  slightly  opened  these 
hinges,  dip  the  ends  of  the  plates,  as  repre- 
sented by  Fig.  323,  in  colored  water,  we 
find  that  the  liquid  rises  between  these 
plates  to  a  variable  height,  depending  on 
the  interval  which  separates  them,  its  up- 
per surface  taking  the  form  of  a  curve, 
known  in  geometry  under  the  name  of  an 
equilateral  hyperbola.  Let  us  inquire  whether  the  form  of  this 
curve  does  not  furnish  a  confirmation  of  the  law  under  discussion. 


Fig.  838. 
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Kent 


We  maj  evidently  rq;ard  the  two  gUn  plttM  u  ( 
of  an  iuliuito  uuuiber  of  infiuitely  narrow  panllel  strips,  m 
■liowii  by  Fig.  824.     If  tlien  the  U«  a 
^^■■Hj^^HB      corroct,  it  followi  [127]  that  Um  hnsbti 
^^^^^^^^^^H      h>  wliicli  the  liquid  is  elevated,  at  aay  two 
points,  will  be  proportional  to  the  laterval 
betwsoii  tlie  platea  at  tlicse  poiuta,  so  that 
at  every  point  we  must  have  A  ^  If  now  we  take  for 

the  axia  of  y  the  vortical  Hue  of  intcraection  of  tlio  two  plaiies, 
and  for  the  axis  of  x  the  lino  of  ointact 
of  the  water  level  witli  one  of  ilirtin.  we 
sliall  have  (Fig.  S2.'>),  MP^  k  ay. 
AP=x,  and  P  Q  =  «  —  Cx.  in 
which  C  is  a  constant  quantity  di*pend- 
ing  on  the  angle  between  the  pUiiM. 
Substituting  tlieso  values  in  A  ^ 
we  obtain        y  ^  p—  , 

2a" 


Xo- 


xy  = 


-  =a  a  constant. 


which  is  the  equation  of  nii  equilateral  liypcrl>ula  rcforru*!  lo  its 
asyniptutes  as  cu-ordinato  asos.  Since  this  is  (he  cur^c  which 
tlic  liquid  surface  always  assumes,  it  i:i  evident  that  tlic  socuud 
law  is  veritifd  by  the  es]>erimeut. 

Uiiril  Linr.  —  Wliea  the  cuds  of  two  i)amll<-l  glass  ptat-n. 
maiiituiucd  ut  a  samll  distance  from  eai-h  oilier,  arv  dijipoii  into 
wulor,  and  llie  dilR-renoe  of  level  measured,  it  has  U^'n  found  that 
the  imtduct  of  the  di^'tanco  l»etween  (lie  plutes  by  ihi-  cli'vali-.n 
of  tlic  li'gnid  is  ou.;  half  of  that  obtained  wiih  plik-s  tnlh-«.  T!u« 
fact  is  shown  in  the  tablu  on  pafie  ;t.')S,  nnd  verirn-s  ili.-  iJiinl  l.iw. 

(I'.U.)  Infiurncr  of  Ttm/trruturf  on  CtiptHarf/  IlirHitmrn.-..  — 
Tlio  general  cxpre»>ion  r')r  the  i-l.-vjitiou  or  de|'n->^iun  uf  t!.o 
li<|iiid  column  in  a  capilUry  liilie  [l-'i]  may  be  writt>.':i 


h  = 


ii'l  i 


whicb  rhanp^s  < 


*  oviib-nt  tliat  any  csiiise  whicb  rhanp^s  oilher  the  spe- 
cific (:ruvity  of  the  lii|nii),  ur  the  ri'Utivi'  values  of  the  oilieimo 
and  B'tlf-ive  fon-<-s,  will  pnHlin-o  variations  in  the  \u\iw  A. 
Uciici:  ail  incrvaM  of  tcinjicrulurv,  wbicli  diuiiuisbcs  tho  spoetfio 
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graTity  hj  expanding  the  liquid,  would  of  itself  alone  increase 
the  elevation  or  depression  of  the  column  ;  b\it  since  this  increase 
of  temperature  produces  changes  in  the  molecular  forces,  and 
hence  affects  the  value  of  the  term  2  a  —  a'j  we  find  tliat  the 
elevation  or  depression,  mstead  of  increasing  with  the  temperar 
lure,  actually  diminishes.    This  decrease  is  not,  however,  simply 
proportional  to  the  temperature,  but  follows  much  more  compli- 
cated laws.    The  following  table  shows  the  height  at  which  the  dif- 
ferent liquids  enumerated  stand  at  O''  C.  in  a  tube  two  millimetres 
in  diameter,  together  with  the  coefficient  of  correction  for  tempera- 
ture, which,  multiplied  by  /,  the  number  of  degrees  above  0**, 
gives  the  amount  in  millimetres  to  be  deducted  from  the  height 
at  0^,  in  order  to  find  the  height  of  the  capillary  column  at  the 
temperature  required.     The  last  column  gives  the  limits  of  tem- 
perature between  which  the  formulas  hold  true* 


Sp.  Gr. 
atOo. 

h 

Umlta  of 
THnpeimture. 

"Water, 

1.0000 

ID*  Turn 

15.332 

—0.0286 1 

0                   0 

Oto    82 

:Ether, 

0.7370 

5.400 

—0.0254 1 

—6  to    35 

OUve  Oil, 

0.9150 

7.461 

—0.0105  t 

15  to  150 

Oil  of  Turpentine 

,  0.8902 

6.7G0 

— 0.0167  < 

17  to  137 

Alcohol, 

0.8208 

6.050 

— 0.0116  < 

—0.000051 1^ 

Oto    75 

Salphuric 

Acid, 

1.840 

8.400 

0.0153  t 

—0.000094 1^ 

12  to    90 

(192.)  Spheroidal  Condition  of  Liquids.  —  When  the  adhe- 
sion of  a  liquid  to  a  solid  surface  is  more  than  twice  as  great  as 
the  cohesion  between  its  particles,  it  spreads  over  the  surface  of 
the  solid  and  wets  it  (185).  If,  however,  the  force  of  adhesion 
is  less  than  this,  the  liquid  forms  in  drops,  which  roll  round  on 
the  solid  surface  like  drops  of  mercury  on  glass,  or  drops  of  water 
on  oiled  paper.  The  form  of  these  drops  is  determined  hy  the 
action  of  three  forces  ;  first,  the  cohesion  of  the  particles  of  the 
liquid,  secondly,  the  adhesion  of  the  liquid  to  the  solid,  and 
lastly,  gravity.  When  very  small,  tlie  drops  are  sensibly  spher- 
ical ;  but  as  they  increase,  the  sphere  becomes  flattened  by  the 
action  of  gravity,  and  they  assume  a  spheroidal  shape.  Hence 
liquids,  under  these  circumstances,  are  said  to  be  in  a  spheroidal 
condition.  Since  most  solid  surfaces  are  wot  by  water,  alcohol, 
and  similar  liquids,  the  spheroidal  condition  is  their  exceptional 
Btate ;  but  it  is  familiar  to  us  in  the  cases  just  mentioned,  and 
in  several  others.     As  the  effect  of  heat  is  to  diminish  both  the 
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oohesiro  and  adliesire  forces,  we  can  eaailj  coneeiTa  how  it  Btt? 
8o  fur  alter  their  rehUiTC  values  as  entirely  to  change  the  nrla- 
tions  of  a  liquid  to  a  solid  surface.  This  result  is  readilj  oU 
tained  with  water,  alcohol,  and  similar  liquids,  which,  at  the 
ordinary  temperature,  wet  metallic  surfaces. 

It  will  liercafter  be  shown,  that  we  cannot  heat  a  liquid  in  the 
0|)cn  air  above  its  boiling  point,  and  hence  we  cannot  diminish  th* 
cohesive  force,  except  to  a  limited  extent;  while, on  the  otiier  liauU. 
wo  can  heat  the  metals  to  a  far  higher  temperature,  and  thus  di- 
minish the  adhesion,  until  the  force  becomes  less  than  twice  that 
of  cohesion,  when  the  liquid  will  assume  the  splieroidal  state. 
Thus,  for  exam|)le,  if  water  is  dropped  into  a  metallic  xemel  heat- 
ed above  171"*  C,  it  rolls  along  the  surface  of  the  metal  like  nxT- 
cury  on  glass,  and  remains  in  that  state  until  the  temperature  UdU 
to  142^  ;  then  it  moistens  the  metallic  surface,  and  evmporalcs 
rapidly.  Alcohol  acts  in  the  same  way  when  the  tempermtune  of 
the  vessel  is  al)<>vo  1^4^,  and  ether  when  it  is  above  Gl*.  The 
temperature  of  tlie  liijuid  itself,  under  these  circumstances,  is 
nearly  constant,  \Hi\i\fr  always  several  degrees  below  its  Imilini: 
point :  thus  1>  >.5  is  the  temperature  of  watcr«  7i>.8  tliat  c«f 
absolute  ulcoliol,  «U.2  that  of  ether,  and  — 10.5  tliat  of  liquiJ 
sulphumus  acid.  The  temperature  of  tlio  liquid  may  tliofr- 
foro  l>o  sevenil  hundred  d«'^n'es  Inflow  tliat  of  the  metallic 
vessel,  as  is  well  illustrated  by  liquid  hnl|ihun>us  aiud,  which  in 
tlie  sphen)i(lal  state  retains  a  tenqM^rature  10..">  detrret^s  U*lov 
the  freezing  |)oint  of  waUT,  even  when  the  metallic  cnicibl* 
containing  it  is  vi>il>ly  red-hot.  If  water  is  slowly  dntppe«l 
into  tliis  sin<rular  liquid  under  these  cirtMunstances,  it  is  at  orioc 
congealed,  thus  exhibiting  the  ap|tarent  [oradox  of  frv«?xin^ 
water  in  a  red-hot  crucible. 

One  of  tlie  nio>t  instructive  illustrations  of  the  sfJiertudal  con- 
dition of  water  is  the  rude  mctluKl  us4»d  in  laundriim  for  te»tiiit; 
the  deg^^e  of  h4*at  of  a  flat-in)n.  If  a  drop  of  watt*r  let  fall  u(vii 
it  does  not  lioil,  Init  runs  along  the  hurface  of  the  metal,  tlie  inKi 
is  couNidt^red  sufliciently  hut ;  but  if  tlie  dn>p  adheres,  and  ra|>idl) 
Ixiils  away,  the  tenqM>ratun*  is  known  to  l>e  t4X>  low.  W«  ^)lmlt 
have  (M*t*asion  to  n*turn  to  this  8ubj«H!t  in  the  chapter  on  Heat. 

(11^<(.)  Kwamfpfrs  and  lUuslraiions  of  Cupillarity. — Oii«^ 
of  the  most  familiar  examph*s  of  capillary  action  is  scH^n  in 
the  wicks  of  lam|is  and  candles.     TIicm)  consist  of  very  fine 
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Tegetable  tubes,  tlirough  which  the  oil  or  melted  combustible  is 
elevated  to  the  flame,  and  supplied  as  fast  as  it  is  burnt.  This 
same  principle  also  iuflueuces  the  circulation  of  the  liquid  juices 
in  the  porous  tissues  of  organized  beings,  and  it  is  the  principal 
means  by  which  water,  with  the  substances  it  holds  in  solution,  is 
supplied  to  tlio  growing  plant.  It  is  the  capillary  action,  which, 
during  the  droughts  of  summer,  draws  up  to  the  surface  of  the 
soil  the  water  necessary  for  vegetation,  which  had  penetrated  into 
it  during  the  heavy  rains  of  spring.  When  the  water  holds  salts 
in  solution,  these  are  deposited  as  it  subsequently  evaporates, 
forming  those  incrustations  which  are  frequently  seen  on  the 
brick  walls  of  old  houses  and  on  the  surfaces  of  saltpetre  beds. 

The  laws  of  capillary  action  furnish  the  explanation  of  many 
other  remarkable  phenomena.  A  platinum  wire  will  float  on  the 
surface  of  mercury,  altliough  its  specific  gravity  is  very  much 
greater  than  that  of  the  liquid  metal.  So  also  a  very  fine  metal- 
lic wire,  which  has  been  slightly  greased  by  passing  it  between  the 
fingers,  can  be  made  to  float  upon  water,  and  the  same  is  true  of 
many  metallic  powders.  This  singular  result  is  explained  by 
the  fact,  that  the  floating  body  is  not  wet  by  the  liquid,  and  con- 
sequently there  forms  around  it  a  meniscus,  which  displaces  a 
largo  volume  of  liquid  in  comparison  with  that  of  the  solid; 
and  since  the  volume  of  water  thus  displaced  weighs  as  much 
as  the  floating  body,  it  cannot  shik.  There  are  some  insects 
^hich  walk  on  the  surface  of  water,  but  which  would  almost 
entirely  sink  in  the  liquid  were  it  not  that  the  capillary  depres- 
sion formed  by  tlieir  extended  feet  (which  are  kept  from  being 
iret  by  a  greasy  coating)  displaces  a  weight  of  water  equal  to 
that  of  the  insect. 

(194.)  Absorption.  —  The  power  whicli  porous  solids,  like 
wood,  cloth,  paper,  or  animal  membrane,  possess  of  absorbing 
liquids,  is  also  a  phase  of  capillary  action.  These  solid  bodies 
are  filled  with  minute  channels,  into  which  the  liquid  is  drawn 
with  great  force,  as  before  explained.  We  may  gain  an  idea  of 
tlie  intensity  of  this  force  by  reflecting  that  in  a  tube  1  millimetre 
in  diameter  it  is  measured  by  a  column  of  water  30  m.m.  high, 
and  hence  in  a  tube  ^ifj  millimetre  in  diameter  by  a  column  of 
water  3  metres  in  height.  Now  since  the  minute  channels  with 
which  these  porous  solids  are  filled  are  ns  small  as  this,  or  even 
smaller,  it  is  evident  that  they  will  absorb  water  with  an  almoift 
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irresistible  force  ;  hence  the  difficulty  of  pressing  out  the  liqttiil 
when  it  has  once  been  imbibed.  In  manj  cases  the  abaor*!- 
tion  of  a  liquid  is  attended  witli  an  increase  of  Tolume,  aod 
the  intensity  of  the  capillary  force  is  rendered  CTident  hy  th^ 
exiiansive  i)owcr  which  is  thus  exhibited.  A  common  iueth<>J 
of  splitting  granite  rock  consists  in  drilling  a  number  of  lioln 
along  the  line  of  fracturo.  and  subsequently  plugging  them  up 
with  dry  wood.  Water  is  then  poured  orer  tlie  plugs,  which 
exiMind  and  split  the  stone. 

The  amount  of  liquid  absorbed  by  a  given  solid  varies  with  tlie 
nature  of  Uie  liquid  used ;  thus  it  has  been  found  that  Vn)  ]Aru 
by  weight  of  the  dried  bladder  of  an  ox  absorbed  in  twenty-four 
hours 

2G8  parts  of  pure  water, 

133      **         water  saturated  with  common  salt, 
88      *^         alcohol,  84  jier  cent. 
17      "         bone  oil. 
It  has  also  been  found,  that,  if  the  bladder  saturated  with  o;l  is 
soaked  in  water,  the  oil  is  after  a  while  entirely  replaced  by  wator« 
and  by  as  much  water  as  the  bladder  is  capable  of  alvsorluii*:. 
TliCMi  facts  indicate  not  only  that  porous  solids  exert  an  uni*qual 
attraction  for  ditferent  litjuids,  but  also  that  they  attract  most 
powerfully  those  of  which  they  absorb  the  greatest  volume. 

In  coiniection  with  these  facts  mny  lie  mentioned  the  siiipilar 
pro|M^rty  which  many  kinds  of  charcoal  [lossi^ss,  of  absorbing  culor- 
in(r-niatters  and  other  organic  principles.  Thus,  if  water  culurrd 
by  litmus  is  shaktMi  up  with  pulverized  cliarcoal,  nearly  the  whole 
of  the  coloring-matter  will  lie  retained  by  the  ehan^oaK  and,  on 
filtering,  the  liquid  will  run  through  colorless.  A  variety  of  char- 
coal called  lione-black  |N>ssesses  this  |K)Wer  in  a  high  degr«*<\  and 
is  used  for  nunoving  the  color  fnmi  the  bn>wn  syru|)s  in  the  pro- 
cess of  refiuing  sugar.  The  syru|>H  are  filtered  through  a  layrr  of 
chan*o;d  twelve  or  tliirt4*en  feet  in  thickness,  cont^iint^l  in  a  tall 
iron  rvlinder,  un<l  are  thus  obtained  iK?rfi*etlv  colorless.  IU>u(^ 
bla4*k  is  pn»pan»«l  |»y  ealrining  1m)iioh  in  close  vesM»ls,  and  d<K*s  iii»t 
contain  more  than  one  t4»nth  or  one  twelfth  of  its  weight  of  char- 
coal ;  the  nMnaind«*r  consists  of  earthy  matter,  chietly  ph«^phato 
of  lime.  Whetli«»r  the  jMHTiiliar  pn>(N»rty  undor  ctmsiderution  i« 
due  to  the  chan*oal  alotio,  or  whether  it  is  also  shartMt  bv  xUy 
earthy  salts,  is  not  known.     Other  animal  substances,  es(iocially 
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dried  blood,  furnish  when  calcined  a  charcoal,  which,  if  well 
washed,  is  even  more  efficacious  than  bone-black,  and  the  addi- 
tion of  carbonate  of  potash  to  the  mass  before  calcining  still 
further  increases  the  decolorizing  power  of  the  charcoal. 

The  absorbmg  power  of  charcoal  is  not,  however,  confined  to 
the  coloring  principles  alone.  Many  inorganic  substances  when 
in  solution,  especially  of  feeble  solubility,  are  absorbed  in  the 
same  way.  Professor  Graham  has  shown  that  this  is  the  case 
with  the  metallic  oxides  when  dissolved  in  potash  or  ammonia, 
and  Mntli  arsenious  acid  when  dissolved  in  water.  It  is  also  true 
of  most  organic  extractive  matters.  Thus,  if  porter  is  filtered 
through  lampblack,  it  will  be  found  to  have  lost  the  greater  part 
of  its  bittcnicss,  as  well  as  its  color,  and  in  the  preparation  of 
organic  extracts  much  of  the  active  principle  is  lost,  if,  as  is  not 
unfrequently  the  case,  the  liquid  is  digested  with  animal  char- 
coal for  the  purpose  of  removing  the  color. 

(195.)  Solution.  —  Wlien  the  adhesion  of  a  liquid  to  a  solid  is 
sufficiently  strong  to  overcome  the  force  of  cohesion,  tlie  solid 
enters  into  solution ;  that  is,  it  diffiises  throughout  the  mass  of 
the  liquid,  without  destroying  its  transparency.  Thus  salt  or 
sugar  dissolves  in  water,  resins  dissolve  in  alcohol,  fats  dissolve  in 
ether,  and  most  of  the  metals  dissolve  in  mercury.  The  solvent 
lK)wer  of  a  given  liquid  for  different  solids  varies  almost  indefi- 
nitely. Thus  sulphate  of  baryta  is  almost  insoluble  in  water ; 
mlphate  of  lime  dissolves  in  the  proportion  of  about  one  part  in 
400  parts  of  water,  and  sugar  in  one  third  of  its  weight  of  water, 
while  hydrate  of  potassa  may  be  dissolved  in  this  liquid  to  almost 
any  extent. 

If  we  add  a  solid  body,  in  successive  portions,  to  a  liquid 
capable  of  dissolving  it,  we  find  that  the  first  portions  disap- 
j)car  very  rapidly,  but  each  succeeding  portion  dissolves  less 
rapidly,  until  at  length  a  point  is  reached  when  the  tolid  is  no 
longer  dissolved.  The  liquid  is  then  said  to  be  saturated  with 
tlie  particular  solid.  It  would  appear  that  the  adhesion  of  the 
liquid  had  the  power  of  overcoming  the  cohesion  of  the  solid  to 
a  limited  extent,  until  the  two  forces  were  in  a  condition  of 
equilibrium.  A  liquid,  however,  which  is  saturated  with  one 
substance  may  still  continue  to  dissolve  others. 

Tlie  solvent  power  of  a  given  liquid  for  the  same  solid,  as  a 
general  rule,  varies  very  greatly  with  tlie  temperature.     Since 

81  ♦ 
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heat  tends  to  weaken  the  force  of  cohesion ,  wo  sliould  nalanllf 
expect  tliat  it  would  increase  the  solvent  power  of  a  liquidt  aud 
we  find  that  in  most  cases  it  does.  Tliero  are,  liowcver,  nianj 
striking  exceptions  to  tliis  rule.  Tlius  water  at  Uie  trtemg 
point  dissolves  nearly  twice  as  much  lime  as  it  does  when  lioUiiig; 
and  in  like  manner  sulphate  of  lime,  citrate  of  lime,  sulphate  of 
lanthanum,  and  several  other  substances,  are  known  to  he  more 
soluble  in  cold  than  in  hot  water. 

The  increafie  of  solubility  with  the  temperature  is  very  unequal 
in  different  cases.  The  solubility  of  common  salt  scarcely  in- 
creases l>etwcen  0**  and  100®.  Thus  100  parts  of  water  dis*s.olrf 
at  the  ordinary  temperature  36  parts  of  common  salt,  and  at  the 
boiling  point  a  little  over  30  {>arts.  With  a  few  salts  the  increase 
of  solubility  is  exactly  proportional  to  the  tem|)erature,  and  may 
Iw  rc^presented  by  the  general  formula,  S=  ^  +  J5/,  in  which 
A  n*presents  the  solubility  at  0®,  and  B  the  increase  of  sohilHlity 
for  each  dejrriHj  of  temjicraturc.  This  is  the  case  with  tlie  f>l- 
lowing  three  salts.     One  hundred  {>arts  of  water  dissolve  at  T, 

of  Sulphnto  of  P«»tash,  5—    H.oG  +  0.1741  f, 

-  ChloriiK-  of  Toia^Mum,  /?  —  29.23  +  0.2708  f, 

«  Chluritle  of  lUriuin,  S  —  Vr2X>2  -f  <^.271 1  L 

In  most  cases,  however,  the  solubility  increases  more  rapidly  thao 
the  temjieniture.  This  is  the  oaM>  with  common  nitre,  as  may  l»e 
seon  ill  the  following  tabh\  in  which  llio  solubilities  lioth  of  niin' 
and  rblorido  of  iMitassiuni  an*  givi»n  side  by  side  for  every  20*  lie* 
tutMii  the  fn»ozing  and  l>oiling  }>oints  of  water. 
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In  this  fonnnla,  A  is  the  solubility  at  0°,  and  B,  C,  D,  Ac.  are 
empirical  coefficieiita,  which  can  be  easily  calculated  in  any  ^ven 
case  from  the  results  of  experiment.  Thus,  for  example,  100 
parts  of  water  dissolve  at  tlio  temperature  t  an  amount  of  nitre 
repreeeuted  by 

S=  13.32  +  0.5738  i  +  0.017168  (*  +  O.OO0OOS5977 /', 
and  of  nitrate  of  baryta  an  amount 

S=  5.00  +  0.17179/  -\-  0.001740C('—  0.0000050035  r. 
Tlio  values  of  the  coefficients  of  tlie  powers  of  i  are  calculated 
liy  substituting  in  the  general  equation  [ISO]  tlie  value  of  A, 
and  also  the  values  of  <Saiid  t,  for  each  temperature  at  which 
tlic  solubility  has  been  determined.  We  shall  tlius  obtain  as 
many  separate  equations  as  tlicrc  are  separata  determinations, 
and,  by  combining  tlicra  together  according  to  the  wcll-Itnown 
methods  of  algebra,  we  can  easily  calculate  tlie  coeliicicnts  re- 
quired. It  is  evident  tliat  we  can  only  ascertain  as  many  co- 
etlicients  as  titere  are  equations,  and  also  that  the  resulting 
formula  is  purely  empirical,  and  can  only  be  trusted  for  tem- 
peratures between  tliose  at  which  the  experiments  were  made. 

The  solubility  of  a  salt  at  dilferent  temperatures  can  be  also 
expressed  graphically,  according  to  the  method  of  analytical 
geometry,   as   represented   in   Fig.  326.     Tlie  horizontal   axis, 


which  corresponds  to  the  axis  of  abscissas,  is  divided  into  equal 
paiin,  which  indicate  degrees  of  temperature,  and  tlie  vertical 
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axis,  whicli  corresponds  to  the  axis  of  ordinates,  it  also  diTidad 
into  equal  {uirts,  which  indicate  the  number  of  grammes  of  *ab 
soluhlo  at  tlio  given  tem|)eratures  in  100  ports  of  water  la 
order  to  form  tlie  curve,  .we  fix  as  many  points  as  posisiUe  (ran 
the  ex |>eri mental  data,  and  then  through  the  |M>ints  tlius  defer- 
mined  we  draw  a  line,  which  is  the  cur\'o  required.  We  can  now, 
by  ins|>ection,  easily  determine  the  solubility  of  the  salt  ai  any 
tem|>eraturo  which  is  within  the  limits  of  our  ox|ierimenls.  :fup» 
pose,  for  example,  we  wish  to  know  the  solubility  uf  nitre  al  4U\ 
we  follow  up  the  vertical  line  marked  40**  until  it  crosaMss  tlie 
curve ;  and  then,  opposite  to  the  pouit  of  intersection,  wc  find  oa 
the  axis  of  ordinates  the  numl)er  64,  indicating  that  at  this  teat- 
perature  64  parts  of  salt  dissolve  in  100  parts  of  water.  Such 
cur\'es  convey  at  a  glance  a  general  idea  of  the  law  which  tiw 
solubility  of  a  given  salt  follows,  and  also  the  relative  solubility  of 
difierent  salts  at  any  given  tem{ierature.  Thus  it  will  Iw  noticed 
that  tlie  curve  of  common  salt  is  a  straight  lino  parallel  to  tte 
horizontal  axis,  indit^ating  that  its  solubility  does  not  Tary  with 
the  temiK'rature.  Tlie  curves  of  chloride  of  liarium  and  chloride 
of  iM)tassium  are  al.*<o  straight  lines,  inclintMl  at  a  certain  aiigk 
to  the  horizontal  axis,  showing  that  the  increase  of  solubility  is 
directly  pn)portional  to  the  tem|)erature.  The  cuno  of  sul- 
phate of  magnesia  is  also  a  straight  line,  but  mon*  inclined  to 
the  horizontal  than  the  last,  proving  that  the  sohil»ility  of  tlii> 
K;ilt  increas<,^s  pn)|M)rtionally  to  tlio  tem|K^niture«  but  at  a  iu<»fv 
rapid  ratio  than  that  of  the  last  two.  The  curven  of  nitnb^ 
of  i»aryta,  of  chlorate  of  |K)tassa,  and  of  nitrate  of  potav^a.  in- 
dicate that  their  solubility  increal^^s  more  rapidly  than  the  t.'Ri- 
|N*rature,  and  acconling  to  very  difierent  laws.  I^astly,  it  viil 
Ik*  notictnl  that  the  onler  of  relative  solubilitv  of  the  thrvv  .^alLv 
sulphate  of  |>otassa,  nitrate  4)f  baryta,  and  chlorate  of  potaa^s^a,  i« 
coinpi«'tely  invert*Ml  in  |>assing  from  .*$.">*  to  o.V. 

The  relative  N»lubility  of  chemical  com|Mmnds  is  one  of  lU* 
m<»^t  inip!»rtant  circumstances  in  d<*termining  chemical  clian::^*^ ; 
and  it  can  U*  easily  sivn  how  im|N>rtant  these  tabUnt  of  cnri<^ 
mu«it  i>e  to  the  chrmi^^t.  Tn fortunately,  full  detomiinati«>us 
of  the  solubility  ot  sul>stances  at  difi*eront  temperatun^  hav^ 
onlv  Ihnmi  made  in  a  few  cases,  and  these  have  been  ro«*»tlT 
liniittMi  to  solubilitv  in  water. 

Frf»m  a  knowknlge  of  the  S4>lubility  of  a  solid  in  one  liquid* 
we  can  draw  no  conclusions  in  regard  to  its  solubility  in 
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ofher,  Bnd  this  is  also  true  in  regard  to  the  law  according  to 
whidi  the  solabilitj  changes  with  the  temperature.  This  gener- 
ally differs  entirely  for  different  liquids,  even  when  the  solid  is 
the  same,  and  must  therefore  be  determined  separately  for  each. 

In  several  cases  the  solubility  of  substances  has  been  deter- 
mine both  above  and  below  their  melting  point ;  but  no  sud- 
den change  of  solubility  has  been  noticed  at  this  point,  as  might 
have  been  expected.  Thus  the  melting  points  of  spermaceti, 
paraffine,  and  of  several  other  similar  solids,  are  below  the  boil- 
ing point  of  alcohol,  so  that  we  can  determine  the  solubility  of 
these  substances  in  alcohol,  both  above  and  below  their  melting 
points.  In  each  case,  the  solubility  has  been  found  to  increase 
gradually  throughout  the  whole  range  of  temperature,  and  the 
melting  of  the  solid  does  not  appear  by  itself  aloue  to  produce 
any  change. 

(196.)  Determination  of  Solubilities. — In  order  to  deter- 
mine the  solubility  of  a  substance  at  a  given  temperature,  a 
saturated  solution  is  first  prepared  at  the  temperature  required. 
This  may  be  prepared  in  one  of  two  ways.  We  may  either  keep  the 
liquid  in  contact  with  a  large  excess  of  the  solid  for  a  long  time, 
at  the  given  temperature,  until  it  has  dissolved  all  that  it  can,  or 
we  may  prepare  a  saturated  solution  at  a  slightly  higher  temper- 
ature, and,  after  having  cooled  it  to  the  required  temperature, 
keep  it  at  that  point  until  the  excess  of  the  solid  has  been  depos- 
ited. Experiments  have  proved  that  we  obtain  the  same  result 
by  both  methods ;  but  in  employing  the  second,  it  is  necessary  to 
take  certain  precautions.  It  has  been  observed,  that  a  liquid, 
when  not  in  contact  with  the  solid  particles  themselves,  will 
retain  in  solution  an  amount  of  the  solid  which  is  greater  than 
it  can  normally  dissolve  at  the  given  temperature.  But  if  a  few 
crystals  of  the  solid  are  dropped  into  it,  the  excess  will  be  at  once 
deposited.  Violent  agitation  favors  the  separation,  but  we  can- 
not in  any  case  be  certain  that  the  excess  has  been  completely 
removed  until  after  several  hours. 

Having  prepared  a  saturated  solution,  by  either  of  these  pro- 
cesses, we  next  transfer  a  quantity  of  it  to  a  tared  flask,  and  care- 
fully determine  its  weight,  which  should  be  about  50  grammes. 
We  then  evaporate  the  liquid  by  placing  the  flask  over  a  sand- 
bath  or  a  small  furnace,  as  represented  in  Fig.  827,  taking  care 
to  keep  the  neck  of  the  flask,  which  should  be  quite  long,  iuk- 
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dined  at  an  angle  of  about  45",  in  order  to  prerent  loat  bj  spirt- 
ing. The  evaporation  is  continued  until  both  the  wmler  of  cry^ 
tallisation  and  that  of  solution  have  been  driven  off,  and  the  tall 
left  in  an  anhydrous  condition.  Tlie  last  traces  of  moisliut 
are  best  removed  by  blowing  into  the  flask  a  stream  of  dfj  air« 
through  a  glass  tul)e  attached  to  tlie  noszle  of  a  pair  of  beUon. 
When  the  flask  is  cold,  wo  weigh  it,  and  thus  obtain  the  weight 
of  the  anhydrous  salt  wliich  the  solution  contained,  and  (torn 
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this  weight  it  is  easy  to  calculate  the  weight  of  salt  dissolved  by 
100  parts  of  water  at  tlie  given  temperature. 

Ijct  us  represent  the  weight  of  solution  used  in  our  ex- 
periment by  IK,  and  tlic  weight  of  dry  salt  obtained  l>y  11*'. 
W  —  W'  is  then  the  weight  of  water  which  dissolves  a  weight 
W'  of  the  anhy(ln>a!i  salt.  Tlie  amount  of  salt  which  100  |iarti 
of  water  will  dissolve  may  then  lie  ascertained  by  the  proportion, 

ir—  W'\  W  =  100  :  A',  fn>m  which  we  get  X—  loO  u.^-g-. 

If  the  salt  contains  water  of  crystallization,  we  sliall  wi^ll  to  cal- 
culate from  the  weight  of  the  anliydmus  residue  the  woijrht  of 
crystallized  Kilt  wliieh  100  parts  of  water  dissolved  at  tlie  tfni- 
pcrature  of  the  exjioriment.  Let  w*  represent  by  ir  the  weiirhl 
of  water  of  crystallization  with  which  the  weight  IP  of  anhy- 
drous salt  ctunbines.  IT'  ■}-  tr  then  evidently  represents  tin* 
Wfiplit  of  rryslalli/tMl  ^alt  which  was  dissolved  in  the  weipht  of 
water  ir —  (  IT'  -f-  tr).    Ilenco  wc  get  the  proportion,  as  lieforp, 

W  —  ir  —  tr  :  }V'  +  IT  =  100  :  X,  and  X  =  100  ^^.^  ^t  ^    t 

the  amount  of  crystallized  salt  which  will  dissolve  at  the  given 
temperature  in  100  parts  of  water. 
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Instead  of  evaporating  the  solution,  it  is  ffcquentlj  more  con- 
Tenient  to  determine  the  weight  of  salt  dissolved  by  precipitating 
one  of  its  constituents,  as  in  the  ordinary  method  of  chemical 
analysis.  Thus  the  amount  of  sulphate  of  soda  in  a  solution 
may  be  ascertained  by  precipitating  the  sulphuric  acid  as  suU 
phate  of  baryta,  and  afterwards  collecting  and  weighing  the  pre- 
cipitate in  the  usual  way ;  and  the  same  metliod  may  be  followed 
with  any  sulphate.  In  like  manner,  the  solubility  of  any  chloride 
in  water  may  be  determined  by  pi*ecipitating  the  chlorine  as 
chloride  of  silver.  In  either  case,  from  the  weiglit  of  the  pre- 
cipitate we  can  easily  calculate,  by  the  rules  of  stochiometry,  the 
weight  of  salt  which  was  in  solution,  whether  in  an  anhydrous  or 
a  crystalline  condition.  Wlien  a  salt  is  easily  decomposed  by 
heat,  this  chemical  method  of  determining  its  solubility  is  always 
to  be  preferred. 

(197.)    Solution  and  Chemical  Change.  —  Solution  is  gener- 
ally regarded  as  merely  a  mechanical  separation  of  the  particles 
of  a  solid,  which  are  diffused  through  the  liquid  solvent.     Thus, 
When  sugar  dissolves  in  water,  its  particles  are  diffused  through- 
out the  liquid ;  but  they  are  not  supposed  to  undergo  any  essen- 
tial change,  for  the  syrup  retains  the  sweetness  of  the  sugar,  and 
on  evaporation  yields  solid  sugar,  with  all  its  peculiar  properties. 
So  also  a  solution  of  camphor  in  alcohol  partakes  of  the  proper- 
ties of  both  substances,  and  when  evaporated  deposits  the  solid 
^^mphor  entirely  unchanged.     Such  a  change  is  supposed  to  be 
entirely  mechanical,  and  to  differ  widely  from  true  chemical  com- 
bination, in  which  the  properties  of  the  combining  substances 
are  entirely  merged  and  lost  in  those  of  the  compounci.     Thus, 
when  we  add  lime  to  dilute  nitric  acid,  it  apparently  dissolves, 
as  sugar  dissolves  in  water,  and  tlie  result  is  a  clear  solution  ;  if, 
however,  we  examine  the  solution,  we  find  that  the  properties  of 
lime  have  disappeared,  and  on  evaporating  it  we  obtain,  not  lime, 
but  a  new  substance  called  nitrate  of  lime.     These  examples 
would  seem  to  indicate  tiiat  there  is  a  very  marked  distinction 
between  solution  and  chemical  combination,  and  this  conclusion 
is  apparently  confirmed  by  the  fact,  that  whereas  chemical  com- 
bination takes  place  most  easily  between  those  substances  which 
are  most  unlike,  solution  generally  occurs  most  readily  when 
the  solvent  is  more  or  less  closely  allied  in  its  properties  to 
the  body  dissolved ;  thus  mercury  dissolves  the  metals,  alcohol 
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Uio  rciiiiis,  and  oils  dissolve  the  fats.  But  if,  instead  of  compar- 
iug  these  extreme  cases,  we  study  tlie  whole  range  of  cliemical 
plienomena,  we  shall  find  tliat  the  distinction  between  solutioa 
and  chemical  combination  is  by  no  means  so  clearly  marked,  aad 
that  it  is  impossible  to  say  where  tlie  one  ends  and  the  otlier  begins. 
In  many  cases,  what  seems  to  be  an  example  of  simfilo  sulutiuo 
can  be  shown  to  be  a  mixed  efiect,  at  least,  of  solution  and  cliem- 
ical combination ;  and  between  this  condition  of  things,  where  tlie 
evidence  of  chemical  combination  is  unmistakable,  and  a  »im|jL* 
solution  like  that  of  sugar  in  water,  we  have  every  degree  of 
gradation.  To  such  an  extent  is  this  true,  Uiai  the  facts  acem  to 
justify  the  opinion  that  solution  is  in  every  case  a  cliemical  com- 
bination of  the  substance  dissolved  with  Uie  aolventt  and  tliat 
it  difiers  from  other  examples  of  cliemical  change  oalj  in  Uic 
weakness  of  the  combining  force.  There  are  many  remarkable 
phenomena  connected  with  the  solution  of  salts  in  water,  which 
are  probably  caused  by  the  intervention  of  chemical  aflhiity. 

There  are  but  few  anhydrous  salts  which  ditsdve  in  water 
witliout  entering  into  chemical  combination  witlf  it ;  in  such 
eases  we  ol>tain,  not,  properly  speaking,  a  solution  of  the  anhy- 
drous salt,  but  a  solution  of  a  compound  of  tlie  anhydrous  itali 
and  water.  Thus,  for  example,  if  wo  dissolve  anhydrous  fu!- 
phatc  of  soda  in  water,  every  44.2  parts  of  the  salt  combine  wita 
&>.S  fKirt^s  of  w:it«.T,  and  wr  obtain  a  solution,  not  of  Xa  O,  Si*., 
hut  of  Na  IK  S  (),  .  10  IIO:  and  on  eva|N>rating  the  K>luti«in  ;^i 
the  onlinarv  t4'inp'Ritan\  (Tvstals  4>f  the  hvdnited  salt  are  d^^ 
posit4.Ml.  Tlie  water  which  is  thus  combined  with  the  lalt  is 
termetl  water  of  crystallization.  It  is  ctmibined  in  definite  ppv 
{Mirtions,  but  is  unittM]  by  h)  Rm^Mo  an  afTuiity,  that  it  is  entirely 
driv<»n  off  wijen  tlie  crystalliz«Ml  salt  is  heated  to  So'  in  the  oj«*!i 
air.  It  is  true  that  it  is  diffii*ult,  and  fre(|a<Mitly  inipo*i«»ibl«\  to 
OMHTtain  the  ronditioii  in  wliirh  a  s.'ilt  exists  when  in  Hilutiou, 
and  that  tli«*  oo!i«litioii  in  wbirli  it  is  deiMisitetl  on  eva|iorauoo 
is  not  n«*r<'«*sarilv  tli«^  bixm**  a*«  that  in  which  it  was  dis>ulved. 
Kvfii  in  the  casij  jn«»i  rit«'d,  it  is  ini|M»>*»il>le  to  determine  with 
cM*rt;iintv  wli<»tli<.T  tli«*  hvdnitiMl  halt  exists  as  sueh«  in  M>lution, 
or  wh«»th(*r  it  is  first  forimMl  at  the  inoiiKMit  of  rrv«talUiatiiNi. 
S»v«»nil  fiiets,  howfver,  mhmu  to  sup|iort  the  first  hy|)i»thesis. 

Oil  examining  the  rnr%'o  of  solubility  of  aiihydniu^  siilphsti* 
of  »4slii  (Fig.  liilb),  it  will  be  noticed  that  tlic  tolubility  rapidly 
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increases  with  the  temperature  up  to  •38°,  where  it  reaches  its 
maximum,  and  then  diminishes  as  the  tempcraturo  rises  above  tliis 
point.  8uch  a  sudden  break  in  the  continuity  of  the  curve  as 
this  is  inexplicable,  at  least  with  our  present  knowledge,  if  we 
suppose  that  the  water  liulds  in  Foltitioii  one  and  the  same  body 
t'.]roughout  the  whole  range  of  tempcraturo ;  while  it  is  easily 
explained,  if  wo  assume  tliat  the  composition  of  the  salt  in  Eotii- 
tiou  changes  with  the  temperature  ;  —  for  if,  as  would  naturally 
be  the  case,  the  solubility  of  the  salt  is  different  in  its  hydrated 


and  its  anhydrous  conditions,  the  sudden  change  in  its  solubility 
may  be  caused  by  a  change  of  composition  commencing  at  a  par- 
ticular point.  Tliat  this  is  the  case  with  sulphate  of  soda  is 
Eubstantiatcd  by  the  fact,  that  the  sudden  cliango  in  tlio  law  of 
its  solubility  takes  place  at  C8°,  the  temperature  at  wliich  the 
hydrated  salt  luscs  its  water  in  the  air.  It  is  not  supposed,  how- 
ever, that  tlio  change  of  composition  is  completed  at  that  tem- 
perature, but  only  tliat  it  commences  at  that  point,  and  becomes 
more  complete  as  the  tcrapcratnro  ripcs.  Below  o3°,  the  change 
of  solubility  is  owing  to  the  natural  cITcct  of  heat  in  increasing 
the  solubility  of  tlio  hydrated  salt.  Above  SS",  the  cliange  is 
a  mixed  effect  of  the  cause  just  mentioned  and  of  tho  cliange  of 
tlio  hydrated  into  tlio  less  folubie  anhydrous  salt. 

It  is  obvious,  from  what  lias  Iwen  stated,  that  tho  curve  of 
solubility  of  anliydrous  sulphato  of  tuda  given  iii  Fig.  328  is  a 
32 
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pure  fiction,  since  below  88*  it  in  NaO,  SQ, .  lOITO,  and  not 
NaO,  80,9  which  is  in  solution  ;  and  Uie  same  is  true  alM>  of  sul- 
phate of  magnesia  and  chloride  of  barium,  both  of  wliich  form 
crystaUine  compounds  in  water.  Indeed,  in  order  thai  such  a 
curve  should  be  a  representation  of  actual  facts,  it  is  eswntaal 
to  know  in  what  condition  the  salt  exists  in  solution  at  each  tem- 
perature, and  to  calculate  the  solubility  solely  for  the  hydrate 
which  is  known  to  be  present.  A  separate  curve  should  then  be 
constructed  for  each  definite  compound,  between  the  limits  of 
temperature  at  which  it  is  known  to  exist.  This  has  lieen  done 
in  the  case  of  sulphate  of  soda,  by  Lioewel/  wlio  has  determined 
separately  the  solubility  of  the  three  compounds  NaO,  SO^ 
NaO,  SO, .  7  HO,  and  NaO,  SO, .  10  HO,  between  the  limiu  of 
temperature  at  which  they  are  capable  of  existing.  Uis  numer- 
ical results  are  given  in  the  table  on  |iage  375,t  ftnd  from  tbem 
tlie  curve  may  easily  bo  drawn. 

In  the  case  of  the  two  hydrates,  the  table  gives  in  each  in- 
stance tlie  amount  of  anhydrous  salt  corrcs|N>nding  to  the  hydrate 
dissolved,  and  by  com|)aring  the  three  columns  headed  **  anhy- 
drous salt,**  it  will  be  seen  that  the  amount  of  NaO,  S<\  which 
100  {Mirts  of  water  will  dissolve  at  20**,  for  example,  varies  vcfj 
considerably  with  the  condition  of  hydration  in  which  it  exists. 
It  will  also  be  noticed,  tiiat  the  change  of  solubility  for  each  coid- 
pound  follows  a  uniform  law  throughout :  the  solubility  incn^as- 
ing  with  the  tomi>eraturo  in  the  caac  of  tlie  two  hydrates,  and 
diminishing  with  tli(*  tem|M'niture  in  that  of  the  anhydrtni!!  ^alt. 
It  is  the  combination  of  thrso  two  phenomona  which  cauM^s  tiKr 
seeming  irrt^gularity  in  the  curAV  of  aniiydnms  sulphate  of  mhIi, 
as  determined  by  (fay-Lu*is;ic,  and  n'pn»sonteil  in  the  figure  aliovo. 
Similar  irn»gularitios,  which  have  l>et'n  4>l>M?rved  in  seleniatc  of 
soda,  carl>onate  of  so^la,  and  many  other  Milbt,  are  pn>lialily  tn  U* 
explained  in  the  sain<*  way,  nltliouirli  the  subjtHrt  has  not  lufxi^n 
as  yi*t  sufTiiMently  inv<»stigated  to  furnish  the  data  for  a  ^att^fac- 
torv  conclusion  in  all  cases. 

I/(M*W(*1,  whoM*  UHMUoirs  on  tlio  H)lubility  of  sulphate  of  luida 
we  have  just  citod,  has  invostipite*!  with  csjual  care  the  ^olulnl- 
ity  of  a  few  othor  salts. |     In  the  ease  Uuh  of  carUuiate  of  kkIa 

•  Annftlr«  f)r  (*tiimM*  rt  t\v  Itiv»it{uc.  Tom  XXIX    p  CS  ;  Tucn.  XXXIII.  p^  5M. 

t  lUi.!,  Tom    XIJX    p.  33 

t  Dml.  Tom.  XXXIIL  p.  394  ;  Tom   XLIII    p  405  ;  Tom.  XUV.  p.  3I& 
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and  imlphate  of  magnesia,  he  found,  verj  remarkablj,  that  the 
solubility  not  only  differed  for  the  different  hydrates,  but  aho 
was  different  for  the  different  states  of  the  same  hydrate.  Thus 
the  salt  NaO,  CO^ .  7  IIO  can  be  obtained  in  two  difierent  coo- 
ditions  or  allotropic  modifications,  which  we  may  distinguish  m 
a  and  6,  the  salt  a  crystallizing  in  rhombohedrons,  the  salt  b  in 
tabular  prisms.  Locwel  observed  that  the  solubility  of  the  salt 
was  very  different  in  these  two  modifications,  that  of  a  being  nearly 
twice  as  great  as  that  of  b.  The  table  on  page  877,  which  bu 
been  taken  from  tlio  original  memoir,*  gives  the  solubility  at  dif* 
fercnt  temperatures,  not  only  of  these  two  modifications,  but  aI«o 
of  the  ordinary  crystallized  carbonate  of  soda,  which  contains 
ten  equivalents  of  water  of  crystallization.  In  the  case  of  each 
salt,  the  corrcs|)ondiiig  amounts  of  anhydrous  salt  are  given  for 
tlic  sake  of  comparison. 

This  table  illustrates  even  in  a  more  marked  manner  than  the 
last  tlie  fact  on  which  wo  have  insisted  so  strongly  in  this  section, 
that  the  sohibility  of  a  salt  varies  not  only  with  the  temperature, 
but  also  with  its  state  of  hydration;  and  it  illustrates  an  addition- 


al fact,  tliat  the  solubility  may  also  be  altered  by  a  mere  changv — 
of  molecular  condition,  without  any  cliange  in  composition.    Tlie^ 
noniena  analogous  to  those  just  dcscril>cd  were  also  ol*sor\ed  by 
Ltx'wcl  in  tlio  case  of  sulphate  of  magnesia,  but  for  the  details  im 
regard  to  thcni  we  must  refer  to  the  original  monioir.t 

(11»X.)  Suj^er saturated  Solutions, —  Water  is  sajil  to  lie  fu- 
l^ersaturated  when  it  contains  in  solution  more  of  a  salt  than  it 
would  dissolve  if  pn*M»ntcd  to  the  salt  at  the  given  teni|<oratuiv. 
That  saturutt'd  solutions  do  not  at  ontM^  do|)osit  the  excr>s  of  »alt 
whirh  they  hold  in  snlntion,  when  eooled  to  a  lower  teni|ienitun.% 
U  a  fart  familiar  t(»  evtTV  one  who  has  ex|)erimented  on  thi>  >ul>- 
jeet ;  ImU  there  can  U*  al>o  no  doubt  that  the  pnmiinent  exam- 
|»h**»,  whieli  are  frnjuently  oiled  as  illustrations  of  this^  fart,  art 
li>  Ur  referred  to  the  intervention  of  the  ft»n*e  of  chcniieal  atTuiitr 
in  u  manner  similar  to  that  explained  in  the  la>t  Hvtion. 

If  we  pn*|)an*  a  Iniiling  saturate<l  Milution  (»f  sulphate  of  «4mIi 
in  a  glass  flask,  antl,  ha\  intr  eorked  the  Ha>k  while  the  Milutiim  i» 
Uiiling,  allow  it  to  cool  to  the  teni|)eruture  of  the  air,  it  may  \te 


•  Ann«lt-«  ilr  (liimif*  rt  d**  Itirkiijue.  Turn.  XXXIIL  p.  3M. 
t  IbtU ,  Tutu.  XUIl.  p.  44)5. 
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kept  for  months  without  crystallizing ;  bat  the  momanl  a  glas 
rod  or  a  crystal  of  Glauber's  salt  is  dipped  into  it,  tlie  whole  maii 
becomes  semi-solid  from  the  sudden  formation  of  cnrstmlsy  which 
ray  out  from  tlio  solid  nucleus  in  every  direction.  This  siiigular 
phenomenon  was  formerly  supposed  to  be  similar  to  what  ii  fre> 
que*ntly  observed  during  the  freezing  of  water  and  tlie  solidify* 
ing  of  monohydrated  acetic  acid,  melted  phosphorus,  and  msD? 
other  substances.  It  is  well  known  that  these  liquids,  if  kepi 
perfectly  still,  may  be  cooled  several  degrees  below  tlie  melting 
point  without  losing  tlieir  liquid  condition,  but  that  if  diMarbed 
when  in  Uiis  state,  they  at  once  become  solid.  These  plienooieoa 
have  been  referred  to  the  inertia  of  the  particles,  which  lends 
to  retain  the  substance  in  a  liquid  condition  below  llie  usual 
temperature,  and  the  same  explanation  lias  been  extended  to  the 
sudden  crystallization  of  sulphate  of  soda,  as  above  dcMiribcd. 

Loewel,  in  the  memoir  already  referred  to,*  has  investigated 
tliis  subject  with  great  care.  He  found  tliat,  if  a  supersatu- 
rated solution  of  sulphate  of  soda  is  cooled  to  a  low  tempera- 
ture, it  deposits  crystals  containing  seven  equivalents  of  m-aier, 
which  are  much  more  soluble  than  the  ordinary  crystab 
Glauber's  saltf  (Na  O,  SOj .  10  HO).  From  Uiis  fact'  he  coo- 
eluded  that  the  so-called  supersaturated  solution  is  not  a  $uper^ 
saiurati'd  solution  of  Glauber*8  salt,  but  men4v  a  nUuraied  m>Iih 
tion  of  the  more  soluble  hydrate  (Na  O,  Si),  .  7  HO).  That  the 
solution  is  not  at  all  changed  by  the  de[K>sition  of  the  crystals 
Na  O,  SOj  .  7  HO,  is  prnvi^l  by  the  fact,  that,  if  it  is  oxpos^rd  to 
the  air  or  touclird  by  a  glass  rod,  it  becomes  suddenly  M?mi-foliJ 
from  the  dc|x>sitioii  of  (tlaul>er*s  salt.  These,  and  a  lar^n*  number 
of  additional  facts  which  Loi^wcl  %  has  observed,  all  tend  to  sup- 

*  Annalrt  dc  Oiimtc  ct  ilc  I*hT»iqti«,  Tom.  XXIX.  p.  61. 

t  Sit  Uhif*  un  pa^  .175. 

I  In  a  morr  nn-rnt  mrmoir.  Locwrl  in('linc«  lo  thr  opinion,  that  »alphatr  of 
aU.ty*  ili«*4>Ivcft  in  watrr  an  an  anhydnm*  *all,  ami  Kcm-^  that  in  a  tolatMW 
with  Na  ().  SOj .  10  HO.  or  Na  O.  SOj .  7  II(».  none  of  th«r  watrr  u  rvfiiliioMi 
rally  with  th<*  aalt  an  watrr  of  rrtstallitalHm  Sach  a  i*han|^  of  rirw*  «lur«  nuC  bu«- 
trrr,  •crni  lo  l«  a  nccr«»«rr  infrrrni-r  fnttn  the  fartt  ritrd.  ami,  af  hr  admit*,  ihr  mtv 
bypothr«i«  l«-avc«  the  umt|UAl  MiluMlilHiiof  thr  diflTrrrnt  hydralr«  entirrlj  nnnpUmr4 
Th«*  author.  thc*n*forr,  diM>«  not  think  it  nerrvMirT  to  rhani;;^  the  opiniofi  rxpfwf^ 
aU>Tr  in  th«*  tr\t,  altlM»a;:h  it  i«  triK  that  thcw  lairr  invrfttiirafiofM  of  Lorwl  ««r«i  to 
•)m>w  that  at  rrrtain  lrm(i«-niturr«  sulpliatr  of  Mjila  rxi«f«  in  thr  «m<«IM  Mipm«rminl 
•olation*  in  an  anh«dma«  <^>ndition.  Srr  Annalr*  di*  (*himir  rt  de  I'braiqve,  ()i*  SfntJ 
Tom  XXIX  p.  32.  and  o>mparc  Ji&hn*«lirrirht  drr  (*bimie.  4r.  fW  IM7»  8  SSI  a«t 
alip  so  artKk  bj  l>r.  lluj^  Scbiff,  Ana.  «l«  CiMim.  wid  llMna.,  B«a4  CXt  8.  Ml 
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port  {he  conclusion,  that  in  the  so-called  supersaturated  solution 
of  sulphate  of  soda  the  salt  exists  in  solution  combined  with 
seren  equivalents  of  water,  and  does  not  crystallize  until  some 
circumstance  causes  it  to  combine  with  three  equivalents  more  of 
water,  and  to  change  into  the  less  soluble  compound  which  we 
have  called  Glauber's  salt.  What  the  circumstances  are  which 
produce  this  singular  change,  or  in  what  way  they  act,  we  do 
not  yet  fully  understand.  Some  very  remarkable  facts  in  con- 
nection with  it  have  been  noticed  by  Loewel  and  others.  Thus 
a  glass  rod,  if  heated  and  afterwards  cooled,  loses  its  power  of 
causing  the  crystallization.  Alcohol,  if  poured  into  the  flask  so 
as  to  form  a  layer  over  the  solution,  generally  causes  it  to  crys- 
tallize ;  but  if  previously  boiled,  it  no  longer  produces  this  effect. 
It  slowly,  however,  withdraws  tlie  water  from  the  solution,  and 
causes  it  to  deposit  crystals  of  Na  0,  SO3 .  7  HO ;  and  it  was  in 
this  way  that  Loewel  obtained  the  largest  and  purest  crystals  of 
this  hydrate.  The  opinion  has  been  advanced  by  Lieben,*  that 
it  is  the  dust  floating  in  the  air,  or  adhering  to  tlie  glass  rod, 
which  causes  the  sudden  crystallization  of  supersaturated  solu- 
tion ;  and  he  has  endeavored  to  show  that  neitlier  the  air  nor  a 
solid  body  will  produce  the  effect  after  they  have  been  freed  from 
dust,  by  heating,  by  washing  witli  sulphuric  acid,  or  by  any 
other  means.  This  theory,  although  ingenious,  and  supported 
by  experiment,  does  not  meet  all  the  facts  of  the  case,  and  the 
subject  requires  further  investigation. 

The  phenomena  of  "  supersaturated "  solutions,  which  are 
80  marked  in  the  case  of  Glauber's  salt,  have  also  been  noticed  in 
the  case  of  carbonate  of  soda,  of  sulphate  of  magnesia,  of  acetate 
[)f  soda,  of  chloride  of  calcium,  and  of  many  other  salts.f  In  some 
Df  these  cases,  they  are  to  be  explained  as  in  the  case  of  Glauber's 
salts,  by  the  formation  of  a  hydrate  more  soluble  than  the  one 
dissolved,  while  in  others  they  may  be  caused  by  tlie  formation 
of  a  more  soluble  modification  of  the  same  hydrate;  but  the 
nrbole  subject  is  still  involved  in  great  obscurity. 

Solids  on  Gases, 

(199.)  Absorption  of  Gases  by  Porous  Solids.  —  If  apiece 
of  well-burnt  boxwood  charcoal  is  plunged  while  red-hot  under 
mercury,  and  when  cold  passed  up  into  ajar  of  gas  confined  over 

•  Wien.  Acmd.  Ber.,  XII.  771  and  1087. 
t  See  the  memoin  of  Loewel,  jiut  dted. 
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tho  same  liquid,  it  will  be  found  to  absorb  the  gas  to  a 
or  less  extent,  varying  with  the  nature  of  the  gma  used.  Xrori- 
ing  to  Sau.ssiire*8  cxiMritnents,  one  cubic  centimetre  of  diamai 
will  absorl)  the  nunilier  of  cubic  centimetres  of  the  dtffiere&t  n.«<9 

given  in  tho  following  tabic:  — 

Alfiorption  of  Ga$eM  hf  CkamMd, 


Ammcinia, 

00  c  m.» 

Olt-iimnt  Gits      . 

•    3^c  m 

Chlorohvilric  Arid, 

85     •* 

Carbonic  Oxide« 

9.4     • 

Sulphurous  Arid,    . 

a>     *• 

Oxygen,    . 

.    i'J    - 

Sulphide  of  Hydro^H'ii, 

5:>    ** 

Niirugvn, 

:j  - 

Pr()toxid«*  of  Nilrogi'ii,     . 

40     ** 

3I:ir»h  (flus 

.   :.«•   • 

Carbonic  Acid,    . 

Ilydrogi'nf 

1.:  • 

.  • 


In  Konie  cases  the  volume  of  the  gases  thus  conth»:i9eJ  i«  fc* 
than  that  which  they  would  occupy  in  a  liquid  yuto,  and  » 
a  general  nilo,  tho  more  readily  a  gas  can  be  condouiwd  V'  i 
litiuitl,  tho  gn*:it(T  is  the  volume  abi»orbcd  by  the  charojal.  i- 
will  also  ho  n«>tic;Ml,  that  tho  alwve  results  follow  very  u«arlr  tV 
same  onhT  as  tho  S4)luhility  of  the  gases  in  water. 

A  pitTi*  of  freshly  burnt  charcoal,  if  exposetl  to  tho  air.  rc- 
donsi's  tho  j::isi»s  and  moisture  of  the  atmo^pluTo  to  *u«-'i  v. 
extent,  th:it  its  Wfitrht  frequently  increases  one  fifth  in  a  fo»di»^ 
Tho  prrsriico  of  rondonsod  air  in  conimun  wo<Mi  rharrudJ  cm 
r:i>ilv  ho  nia«i<»  ovidrnt  l»v  )»lnn*rin«r  it  under  hot  watiT.  TV* 
h«Mt  of  tlur  wat«'r  oxpands  th«»  confinod  air,  whirli  i"*  thu<  *\n^''- 
out  of  th«»  |H)ri»s  of  tl»<*  w<M)d,  ami  huhhlos  up  tliPMiirh  tho  val'^r 
Owiiiir  to  this  a!»»*nrliiiij;  |H»\vrr  of  rharroal,  wuti'r  ?siluniltM  *'*^ 
manv  •m'^'-s  inav  In;  iVfrd  iVoni  th^m  l»v  filtorin^r  it  l'in»u::h  i*"*?- 
hlat'k.  WatiT  inqm^irnatftl  with  sulphide  of  hy*ln»ir»*n  may  • 
in  this  WAV  so  p«'rf«'rlly  pnrilhMl,  that  its*  pn.»s«?nco  ranh«»lN''i' 
trotfd  «*itiiiT  hv  tin'  nan'^finis  odor  or  hv  tho  iinlinarv  u^t*. 

ThiH  p«»\v«'r  «>f  ah^u*hiiiL^  piM*s  \<  not  oonfuuMl  to  rliaro«iaK  ^■'•■ 
lMd«»ni:*<  ill  a  irn'at'T  or  l«"»»s  di'^roo  to  othor  jNinms  t»«did«.    T- 
fidlowini:  tahl*'  'jivrs  tin'  nninlMT  of  rnhic  ivnlinu»ln-H  of  ditTi'f*' •• 
iraM-s   uIi^miImmI    n*»<piM-ii\.'lv   hv   «ino   cubic  contim«*tn?  of  )l»>'* 
«>rliaiinK  pla^tiT  of  rari-,  and  silk,  whon  the  tiMuiwrature  i»  I  *' 
and   th«'  prt'>*»urt!  of  ih»i   air  T-i  «•.  m.      l>y  coni|»arinir  ihi^  ul*' 
with  tli<*  l.i^t,  it  will  \h*.  notirtMl  that  not  only  the  ahvduu*  ipi^'»- 
tili'"*  of  tho  ^a*"^  al'MiiU-d  aro  dilh'n'iil  fi»r  diffi'DMil  !M»hd«,  I":* 
aNo  that  tilt*  ri'lati\i'  |h»wit  of  al»**i»rption  of  thcM  svlid»  f'f  t!> 
dilfonnit  ^a>os  isi  ditlfn^ut  in  c\*-rv  cajHj. 
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irpHon  of  Gasa  hy  Afeerschaumy  Plaster  of  Parity  and  Silk. 


Meerachanm. 

Plaster  of  Paris. 

Silk. 

onia, 

15.      c7m.* 

78.1    cTin.' 

xide  of  Nitrogen 

,  3.75     •* 

»nic  Acid, 

5.26     « 

0.43  c,  m.» 

1.1       «* 

!  of  Carbon, 

1.17     " 

0.3       « 

Jn, 

1.49     " 

0.58     « 

0.44     " 

jen, 

l.CO     « 

0.53     " 

0.13     " 

3gen, 

.44     " 

0.50     " 

0.3       ^ 

ke  manner  the  metals  in  the  state  of  fine  powder,  lead, 
ud  platinum,  for  example,  absorb  gases  in  very  large 
s.  The  finely  divided  platinum  called  platinum-black, 
s  obtained  by  precipitating  a  solution  of  cliloride  of  plati- 
ith  alcohol,  absorbs,  according  to  Doebereiner,  250  times 
volume  of  oxygen.  The  latent  heat  which  is  set  free  by 
lat  condensation  is  sufficient  to  ignite  the  metallic  mass, 
m  sponge,  and  even  platinum  plate,  possess  the  same  power, 
h  to  a  less  degree,  and  it  is  probable  that  all  solid  surfaces 
similar  influence  to  a  limited  extent, 
absorption  of  gases  by  solids  is  very  greatly  influenced 
r  the  temperature  and  the  pressure  to  which  they  are 
I.  The  higher  the  temperature,  the  smaller  is  the  amount 
Bibsorbed,  and  the  most  efficient  means  of  expelling  the 
n  a  porous  solid  is  to  expose  it  to  a  red  heat.  It  is  how- 
iccrtain  whether  even  in  this  way  we  can  remove  all  the 
idensed  on  the  surfaces  of  solid  substances,  and  at  all 
to  do  this  requires  a  considerable  time.  Charcoal  and 
orous  solids  absorb  the  largest  amount  of  gas  only  after 
iigcd  ignition  in  a  vacuum.  In  filling  a  barometer  tube 
rcury  is  boiled  in  the  tube  in  order  to  remove  the  air 
)isture,  not  only  from  the  mercury,  but  also  from  the 
of  the  glass. 

crrcater  the  pressure  to  which  a  gas  is  exposed,  the  great- 
le  quantity  which  is  absorl)ed  by  a  solid  ;  but  then  the 
y  does  not  increase  so  rapidly  as  the  pressure.  On  the 
land,  under  a  diminished  pressure  a  solid  body  absorbs 
quantity  of  gas,  but  a  greater  volume.  Hence  it  is  not 
I  by  means  of  an  air-p\mip  to  remove  all  the  air  from 
is  solid, 
porous  body,  which  is  saturated  with  one  gas,  is  put  into 
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a  difTcrcnt  f^^  it  gives  up  a  portion  of  tho  gas  whidi  il  had 
first  al)sorlKMl,  and  takes  in  its  place  a  quantity  of  the  feeood. 
Sometimes  tho  presence  of  one  gas  increases  tlio  power  of  a 
solid  for  n1>sor1»ing  a  second.  Thus  charcoal  saturated  with 
oxygon  will  al»sorb  more  hydrogen,  and  charcoal  saturated  with 
hydrogen  will  absorb  more  nitn>gen,  tlian  it  would  if  the  nctirr 
ga.s  was  not  present.  Rut  as  a  general  rule,  tho  presence  of 
one  gas  diniinishcH  the  power  of  a  solid  for  a)>sori»ing  othen. 
Thus  charcoal,  which  after  ignition  will  al)sori>  thirty-fiTe  tim-t 
its  volume  of  carl>onic  acid,  will  only  alisorb  about  fifteen  times 
its  volume  if  it  has  l»oen  previously  exposed  to  tlio  atinospbere* 
and  thus  saturated  with  air  and  moisture. 

From   the   analogous   constitution  of  liquids   and   gases,  we 
should   naturally  ex|)ect  that  solids  would   act  on   tliese   two    < 
forms  of  fluid  matter  in  an  analogous  way.     Tlio  same  adhenve 
force  which  attracts  liquids  to  the  surfaces  of  solids  wo  should  ex-  ^ 
|tect  would  also  attract  gases;  and,  moreover,  since  gases  are   ^ 
very  compressible,  we  should  further  expect  tliat  t!io  adlievaon    ^ 
would  condense  the  gas  upon  the  surface  in  pniportion  to  the 
strength  of  the  attraction.     Moreover,  as  ui  tlie  case  of  liquids, 
we  should  ex{>ect  that  the  amount  of  gas  adla^ring  to  tlio  sur- 
face or  al»sorlKMl  into  the  pores  of  a  solid  would  vary  with  tlie 
nature  lK>th  of  tht*  s<»lid  and  of  the  gas,  with  the  extont  i»f  liti** 
surface,  with  the  fineness  of  tho  i>on*s,  and,  lastly,  with  the  t«'iu- 
|M»niture,  l»econiing  less  as  the  temiK^nilun^  rose. 

Tho  phenomena  just  descril)cd.  it  will  lie  noticed,  C4»incide 
pt*rfiH:tly,  as  far  as  they  go,  with  these  natural  inferences,  thus 
showing  that  they  arc  merely  phases  of  adhesion  and  captUan' 
action.  The  force  of  surface  attraction,  ami  hence  tln^  ainiMint 
of  gas  al»>4>rlH*d,  varies  even  more  markiHlIy  than  in  the  ca>«*  «if 
liquids,  Uitli  with  the  natun*  of  the  solid  ami  that  uf  die  gajk. 
ll  varies  al>o  with  the  extent  of  the  surface;  and,  other  tliinp 
Unni;  equal,  it  i^  gn*at4*st  with  |M>nms  lH>dies  or  fine  |M)W(L*rs,  « hiilt 
ex|MiM*  tlnr  greatest  surface  ;  finally  heat,  which  k^ssons  tin*  at- 
tractive fnrre,  diminishes  the  amount  of  gas  abs4>rlHHl  by  a  M»lid. 
as  it  d(M*s  the  amount  of  liquid.  There  are,  it  is  true,  phoncniH^'tia 
Oinii«N*te<l  with  the  adhe>i«»n  of  gasi^s  to  solids  which  liquids  do 
not  pn'MMit,  but  these  are  su«*h  as  may  l»e  supiiosed  to  ah«e 
from  the  sjNvial  law  of  compn*ssil>ility,  which  all  gas4^  oliCT. 

The  phenomena  dcscrilied   iii  this  section,  like  tlioac  both  of 
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capillarity  and  solution,  are  greatly  influenced,  it  will  be  noticed, 
bjr  the  chemical  nature  of  the  bodies  concerned,  and  in  fact 
pass  by  insensible  gradations  into  those  which  we  should  class 
among  purely  chemical  changes.  Like  most  phenomena  which 
occupy  the  debatable  ground  between  chemistry  and  physics, 
they  present  great  complexity,  and  are  difficult  to  investigate, 
BO  that  our  knowledge  in  regard  to  them  is  exceedingly  in- 
ocHnplete.* 

There  are  many  phenomena  besides  those  of  absorption  which 
are  connected  with  the  adhesion  of  gases  to  solids.  The  fact 
tliat  iron  filings,  and  many  other  fine  powders,  sifted  over  the 
surface  of  water,  will  float,  though  very  much  heavier  than  the 
liquid,  has  already  been  mentioned.  This  was  then  explained 
by  the  principles  of  capillary  action.  The  water  is  prevented 
firom  wetting  the  solid,  and  therefore  forms  around  the  particles 
a  concave  meniscus  which  buoys  them  up.  But  it  is  solely  the 
thin  film  of  air  adhering  to  these  particles  which  prevents  them 
from  becoming  wet,  when  they  would  at  once  sink.  The  same 
is  true  also  of  the  platinum  Mrire  floating  on  mercury,  and  of 
other  seemingly  paradoxical  phenomena.  In  all  cases,  if  the 
liquid  is  boiled,  the  film  of  air  is  removed  and  the  paradox 
iisappcars. 

Liquids  on  Liquids. 

(200.)  Liquid  Diffusion,  —  As  a  general  rule,  the  adhesion 
xjtween  the  particles  of  different  liquids  is  so  much  greater  than 
.he  cohesion  between  their  own  molecules,  that  they  may  be  mixed 
»gether  in  any  proportion.  This  is  not,  however,  always  the 
;ase ;  for  after  the  liquids  have  been  mixed  to  a  limited  extent, 
:he  cohesion  may  balance  the  adhesion,  and  the  liquids  will  then 
Kj  mutually  saturated.  Thus  ether  and  water  cannot  be  mixed 
indefinitely,  and  if  shaken  up  together,  they  will  separate  in  a 
5rcat  measure  on  being  allowed  to  stand,  the  water  dissolving 
[>iily  about  one  eighth  or  one  tenth  of  its  bulk  of  ether,  and 
the  ether  dissolving  aboiit  the  same  amoimt  of  water.  So  also 
the  volatile  oils,  if  shaken  up  with  water,  separate  from  it  al- 
most entirely  if  the  mixture  is  allowed  to  stand,  although  the 
^ater  retains  in  solution  a  sufficient  amount  to  acquire  the 
Savor  and  odor  of  the  essence. 

*  See  a  recent  paper  bj  Qaincke,  Pogg.  Ann.,  CVUL  SS6. 
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The  tendency  of  liquids  to  mix  with  each  other  has  bea 
termed  liquid  difTiitfion,  and  can  bo  made  evident  by  a  Nmpfe 
cxjwrimeiit.  A  tall  glass  jar  is  about  two  thirds  filled  with  » 
sohition  of  blue  litmus,  and  then,  hy  meaus  of  a  tube  funael 
reacliiiig  to  the  twttoui,  oil  of  vitriol  is  cautioMnly  poured  in,  m 
as  to  occupy  the  lower  portion  of  the  jar.  Tlie  piano  vf  sepan- 
lioii  of  the  two  liquids  will  bo  at  first  disthictl/  marked.  But 
this  will  soon  disappear :  tltc  colored  water  will  rink,  and  the 
acid  will  rise,  until  the  two  liquids  liave  become  perfectlr  iiKor^ 
poratcd.  Tliis  will  require,  however,  two  or  three  dars,  and.  if 
watched  at  intcn'als,  the  propress  t>f  the  diffusiou  way  lie  traced 
by  the  pradual  chanfio  of  color  in  the  water  fruiu  blue  to  red. 
conuncncinf;  at  the  bottom  and  clowly  progressing  towards  the 
top.  A  Rimilar  experiment  can  be  made  witli  alcohit),  or  widi 
brine,  and  water;  a\w  with  oil  uf  tnqtcutine  and  alcohol,  and 

indiMMl  with  almost  any  two  li((tiids  which  differ  considerably  ia 

tlicir  K|R>cilic  gravities.     Ity  coloring  one  of  the  liquids,  the  pn>— 
cesif  may  be  readily  traced. 

(:i01.)  RtprrimtHli  of  Profrtior  Graham.  —  The  subject  oF~ 
liquid  diflfuKion  has  K-cn  investigated  with  care  in  regard  lo  sa- 
line N>lulionM,  and  we  arc  chiclly  indebted  to  Professor  Gnfaan 
of  London  for  our  knowli-dfie  on  the  subject.  His  experiment* 
were  made  witii  a  very  siiiiiple  apparatus.  "  It  coiisiisUii  uf  a  ret 
of  ptiiulu  of  tioarly  equal  ca{>ui-ity,  ca^l  in  the  !<anu'  mould,  and 
further  adjusted  I>y  gtindin^r  to  a  uniform  t^'vK  of  u)>crtun>.  Tbr 
phiuls  wi>re  :S.K  inL-lifH  high,  with  a  n<vk 

,  0..'>  inch  in  dcplb.  and  «ji.'rture  l.i.^  iucli 

ly  '     ^1  widi',  cii|>»ciiy   to  Imi-c  of  neck   c<(iib1  \o 

\ ;        i  -'OSO   pruiiis  of  wuIit,  or  U'lwwn  4  and  .'. 

ounrcs.  For  cufh  ditTuvion-pliial  a  pliiu 
glass  wut<T-jar  wa.i  also  pruvidiil.  4  i»<-l»«** 
in  diameter  and  7  iaclics  dwp."  "  yY\£- 
.Silt.) 

The  diffusion-phial  was  in  iho  fin-t  pl.v-y 

filliH)  with  tho  MiJini-  Hduiiun  to  the  la^-  of 

'^  ^  the  n.vk,  or.  nior.-   utvuralely.  to  a  lev.l 

exartly  half  an  im-b  U'low  the  gnuind  surfiiw  of  the  lip.     Tlie 

ne^'k    wa^    then    fiU.-d    with    distilled    water,  and    a    liglit    Ant 

•  rirahan'i  Elca>cnti  of  OmniMir.  nliinl  b;  Wuu,  VeL  IL  p.  to*. 
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placed  upon  the  surface.  Tims  prepared,  the  phial  was  trans- 
ferred to  the  jar,  wliich  was  then  filled  with  water  to  the  height 
of  an  inch  above  the  mouth  of  the  phial,  wiiich  was  opened  by 
the  floating  of  the  cover.  This  required  about  20  ounces  of 
water.  The  apparatus  was  then  left  undisturbed,  and  kept  at  a 
constant  temperature  for  several  days.  At  the  end  of  the  re- 
quired time,  the  diffusion  was  internipted  by  closing  the  mouth 
of  the  phial  with  a  ground-glass  plate,  and  the  amount  of  salt 
diffused  ascertained,  by  evaporating  the  water  in  the  jar  to  dry- 
ness, and  weighing  the  residue. 

From  these  experiments,  and  a  number  of  others  made  in  a 
similar  maimer,  the  following  important  conclusions  have  been 
deduced. 

1.  With  solutions  of  the  same  substance,  but  of  different 
strengths,  the  quantity  of  salt  diffiised  in  equal  times  is  propor- 
tioned to  the  quantity  in  solution.  For  example,  four  solutions 
of  common  salt  were  prepared,  containing,  respectively,  1,  2,  3, 
and  4  parts  of  salt  to  100  of  water.  The  experiments  continiied 
for  eight  days,  and  the  quantities  diffused  were  respectively  2.78 
grrains,  5.54  grains,  8.37  grains,  and  11.11  grains.  These  num- 
bers are  almost  exactly  proportional  to  the  first. 

2.  With  solutions  of  different  substances  of  the  same  strength, 
the  quantity  diffused  varies  with  the  chemical  nature  of  the  sub- 
stance. This  is  shown  by  the  following  table,  which  gives  the 
BTcight  in  grains  of  the  substance  diffused  in  eight  days,  from 
solutions  containing,  in  each  case,  20  parts  of  the  solid  dis- 
solved in  100  parts  of  water,  and  exposed  to  a  temperature 
rf  60^5  F. 

Diffusion  of  Solids  in  Solution, 


Snbftances  used. 

8p.  Gr.  at  60o  P. 

Weight  in  Ormini  diffiued. 

Sulphate  of  Magnesia, 

1.185 

27.42 

Chloriile  of  Sodium, 

1.126 

58.68 

Nitrate  of  Soda, 

1.120 

51.56 

Oil  of  Vitriol, 

1.108 

69.32 

Sugar-Candy, 

1.070 

26.74 

Barley  Sugar, 

1.066 

26.21 

Starch  Sugar, 

1.061 

26.94 

Gum  Arabic, 

1.060 

13.24 

Albumen, 

1.053 

3.08 

33 


886  CHEMICAL  PIITSIC8. 

The  substances  have  been  arranged  in  the  order  of  the  spedfie 
gravities  of  the  solution,  and  the  table  also  shows  that  tiiere  it 
no  ap()arcnt  connection  between  the  amount  of  diSufrion  and  U» 
specific  gravity  of  Uie  solution. 

8.  If,  instead  of  com[)aring  together,  as  in  tlie  last  talJct  the 
amounts  of  different  subt^tances  diffused  in  e<iual  timcA,  we  cook^ 
pare  together  the  times  re(|uired  for  the  equal  diffusion  of  thcve 
same  sulistances,  we  discover  some  remarkable  numerical  rela- 
tions.    There  exist  classes  of  equi-diffusivo  substances,  and,  as  a 
general  rule,  those  sul>stances  which  have  an  analogoua  cbtsmicaL 
composition,  and  crystallize  in  closely  allied  forms,  have  equaL  . 
ratios  of  diffusion.     Several  such  groups  have  been  distinguished^ 
and  the  rate  of  diffusion  in  each  group  is  connected  with  the 
of  diffusion  in  the  other  grou{)s  by  a  simple  numerical 
as  is  shown  in  the  following  tal)le.     The  first  column  gives  tli^a 
numlier  of  the  group,  with  the  name  of  the  most  charactcruti^M 
sul»stuuce  l>elonging  to  it.     The  second  gives  tlie  relative  dil 
sion  of  these  sul>stances  in  ecpiul  times,  in  other  words,  the  rat- 
of  diffusion.     The  third  gives  the  times  of  e<]ual  diffusion  ; 
tlie  fourth,  the  s({uares  of  those  times,  which  stand  to  each  oth 
very  nearly  in  the  simple  relation  expressed  in  the  last  column^ 

tinrnpA. 

1.  Cli!<>n>hv<lrir  Ari<l, 

2.  Ilydraii*  of  Potash, 

3.  Niir.iif  of  Pota*«li, 

4.  Niinit«»  of  SnL% 
r*.  SiilpliJitr  of  I*ota*h, 
f).  Siilphati*  of  Sotiit, 
7.  SiilptiHti*  of  Ma;rn«**i:i, 

4.  Tlie  nite  of  diffusion  inrn^as<»s  with  the  t«'mp<T.itun\  \*n\ 
iiirn';iM;s  in  an  equal  pro|M)rtioii  for  all  hubstanro^,  so  that  tl:*.* 
rutio  Ih^twiMMi  tlie  diffu>ion  of  ditVerent  bodies  is  the  hanie  for  all 

t»MU|MTatUn»S. 

«').  If  two  v||l)st:inn»s,  whirh  do  not  combine  oheniicallv  miA 
liav««  diffi*n*iit  nit4'>  of  t)ilVii*«i(»i),  are  [ilarrd  in  the  diffu^ion•|llluI. 
iUoy  niiiy  In?  {mrtially  M'paratrd  by  the  pnK'e^s  <if  diffuMon,  Miltv 
tlio  nion*  diffu^ilde  |iii>s<'s  out  th<*  nio>t  rapidly,  allliough  X\fC 
n'lativ«»  niti*  of  diffusion  niuy  U^  Minicwliut  rbangiMl. 

(MpMuiral  d(M*oni|M)siti«)n  may  l»e  even  effected  in  this  way,  out 
ingrtMlient  of  the  com[»ound  diffusing  more  rapidly  than  the  other. 


lHifuiii<«. 

I»t!Tu*loo. 

vtTwHL 

l.IMM) 

.3.im;o 

i.Vf^Hi 

2 

O.H<M) 

4.1».V) 

24..V»2 

3 

0.."*fi.'> 

7ahm\ 

41MHMI 

6 

0.4r»2 

H.'tlli 

73.4t>ri 

9 

0.4(H) 

\K*MM) 

liH.niO 

M 

o.3i>r, 

llM2:> 

ii7.oi:» 

IH 

0.2tM) 

r.».M«M) 

,Sl»2.Ol0 
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Prom  a  solntion  of  Usulphate  of  potash  saturated  at  20°  0  ,  tliere 
rare  diffused  in  liftj  days  81.8  parts  of  bisulphate  of  potasli,  and 
12.8  parts  of  hydrated  sulphurio  acid.  From  a  solution  of  8 
larts  of  anhydrous  alum  in  100  parts  of  water  there  were  dif 
osed  in  eight  days,  at  IT'.OC.,  5.3  parts  of  ahimaud  2.2  parts  of 
alphate  of  potash  ;  and  other  similar  examples  mi^it  he  cited.* 

6.  The  diffusion  of  a  salt  into  the  solution  of  another  salt 
akca  place  with  nearly  tlie  same  velocity  as  into  pure  water,  at 
east  when  the  solutions  are  dilute.  Here,  as  in  all  experiments 
>n  liquid  diSusion,  unifonnity  of  action  takes  place  only  in  dilute 
Kilntion.  As  the  solntion  becomes  saturated,  the  cohesion  of  the 
particles  of  the  solid  appears  to  introduce  irr^ularities. 

7.  "  The  Telocity  with  which  a  soluble  salt  diffuses  from  a 
stronger  into  a  weaker  solution,  is  proportional  to  the  difference 
of  concentration  between  two  contiguous  strata."  Tliis  law  has 
been  experimentally  demonstrated  by  Frick  in  the  case  of  chlo- 
ride of  sodium,  but  it  cannot  as  yet  be  regarded  as  completely 
establishcd.f 

(202.)     Osmose.  —  When  two  liquids  are  separated  by  a 
porous  diaphragm,  diffusion  may  still 
lake  place,  although  the  phenomena 
are  modiHed  in  a  remarkable  manner 
by  the  presence  of  the  septum.     This 

8  best  illustrated  by  means  of  the 
ipparatus  called  an  osmometer.  It 
nay  be  constructed  in  rarious  ways, 
mt  as  represented  in  Fig.  330  it  con- 
ists  of  a  membranous  bag  or  bladder 
ipcniag  into  a  glass  tube,  to  which  it 

9  fastened  liermetically.  Tho  bladder 
s  filled  with  a  concentrated  solution 
if  common  salt,  and  suspended  in  a 
ar  filled  with  pure  water.  Since  the 
inimal  membrane  is  readily  penetrat- 
id  by  the  water,  it  is  evident  that 
.he  water  on  the  one  side,  and  the 
isit  solution  on  the  other,  must  be  in 
lirect  contact,  and  hence  a  diffusion  of 


«  GrahMo'i  Cbeminrj,  Vol.  II.  p.  6U. 


t  Ibid.,  p.  610. 
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tho  Bait  must  tuko  place,  following  tho  laws  of  liquid  diffusioii 
enunciated  in   the  last  section.     We  should,  tliercfon?,  eipcrt 
that  tlie  salt  would  |>aRs  out  into  the  water  of  the  jar,  a9  wf 
find  to  be  tho  case ;  hut  the  remarkahle  fact  in  connootion  with 
this  ex|)erimcnt  is,  tliat  a  vohune  of  water  enters  the  Madder 
which  is  very  much  greater  than  could  l»e  introducc<l  hr  »n]|4e 
liquid  diffusion,  amounting  in  some  cases  to  serenil  hundred 
times  that  of  the  salt  displaced,  the  li({uid  slowly  rii^inf^  in  tlv^ 
glass  tul>e  of  tho  osmometer  until  it  attains  a  Ti»ry  couMder^J'? 
height.      Tlie  How  of  water  thn)ugh  tho  memhrane  is  temKA 
osmose,  and   the  unknown   power  which   pn>duces  it,  ostuoti 
force.     It  is  a  force  of  great  intensity,  capahlo  of  supfmrting 
column  of  water  sevenil  metres  high.     The  first  im|Mirtant  pb 
nonienon  to  l)e  studicil  in  this  connection  is  this  remarkable  !!•> 
of  water.     The  movement  of  the  salt  in  the  oppo«<ite  directi« 
ap|N':irs  to  follow  the  laws  of  licjuid  diffusion,  and,  according 
(tralnnrs  exi»eriments,  is  not  influenced  by  the  presence  of  tl: 
membrane,  unless  it  is  <|uite  thick. 

We  have  sup|M>sed  that  the  bladiler  in  this  exporimcnt 
tained  a  solution  of  conunon  salt ;  but  we  may  u>e  in  its  )il 
alcohol,  t»r  solutions  of  cane   sugar,  of  (SlaulnT's  salt,  and  of 
manv  otli<T  s;iline  lMMii«,»s,  with  preeisi»lv  the  same  result.     Tl?f 
conditions  <»f  o>mose  apjn'ar  to  In?,  that  tho  lii|uid*<  an*  capubl*'  of 
luixini^,  and  that  the  membrane  or  M'ptum  wliith  s^'jiuralr^  lih'm 
lia*<  a  irn'ater  adln'^ion  for  one  liquid  than  f«>r  th«*  oih^T. 

Wli»Mi  the  o<moM»  takt»s  plaee  IhMwimmi  wat»'r  ami  soluti**'!^  •  f 
salt**,  tin'  quantity  of  salt  \vlii«h  pasvs  thn»ugh  tho  ni«'ml»r.\:  •' 
into  the  wat«?r  is  always  replaced  by  a  definit*;  (|uantity  of  Wat-r. 
and  the  ratio  obtaiii«Mi  by  dividing  the  last  quantity  by  tlw  t*:r^t 
has  Ihmmi  termeil  the  osnn»tie  ei|uivalent  (»f  the  salt.  Tbi''  n*r  > 
varif"*  with  the  natnn*  of  the  salt,  and  also,  to  some  c\l»*nl  o  r- 
t.iiulv,  with  that  of  the  mmiliram'.  It  mon'over  inen\i!MH*  «;:Ii 
lh«;  tf'nqM'Hiture,  bnt  it  ap|H»ars  to  l>c  ind«*|»endent  of  th«'  den^.tv 
of  tlie  solution.  Tli«»  osmoti«*  equivalent  for  ^ilaulnT's  salt**,  f»r 
exani(»l'».  when  the  jwrieardium  of  the  calf  is  used  as  the  H^ptutn. 
was  found  bv  IIofTmann*  to  \h*  .'».1. 

Tin*  ai'tion  of  the  septum  in  osmose  has  l>et»n  oxplainH  in 
various  w;iy^.     The  simpb'st  explanation  which  has  lieen  givea 

*   t'ittrr«iii  hutttfrn  ubrr  tla*  rtuloiniotitcbe  Aequiraknt  dct  G 
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8  based  on  the  unequal  adhesion  of  the  two  liquids  to  the  porous 
septum.  Let  us  suppose  that  the  septum  is  a  piece  of  the  blad- 
ier  of  an  ox,  and  that  on  one  side  it  is  in  contact  with  alcohol, 
lud  on  the  other  with  water.  As  was  stated  (194)  tlie  mem- 
>rane  has  a  very  mucli  greater  attraction  for  water  than  for 
ilcohol,  and  would  therefore  absorb  the  first  to  the  entire  exclu- 
fion  of  the  second,  were  it  not  for  the  adhesion  between  the  two 
iquids.  In  consequence  of  this,  the  alcohol  is  slowly  diffused 
iirough  the  water  contained  in  the  membrane,  which  tlms  be- 
comes saturated  with  greatly  diluted  alcohol.  Hence,  on  the 
»idc  of  the  membrane  towards  the  alcohol,  nearly  pure  water  is 
n  contact  with  strong  alcohol,  and  a  rapid  diffusion  of  the  first 
jito  the  last  necessarily  results.  The  place  of  the  water  thus 
escaping  is  supplied  by  fresh  water,  and  a  current  of  water  is 
Jms  established  flowing  in  towards  the  alcohol.  On  the  side  of 
Jie  membrane  towards  the  water,  we  have,  on  the  other  hand, 
rery  dilute  alcohol  in  contact  with  water,  so  that,  although  dif- 
fusion takes  place,  it  is  very  much  less  rapid  than  that  in  the 
)pposite  direction.  The  flow  of  the  water  is  then  the  result  of 
tvo  forces,  —  first,  the  excess  of  the  attraction  of  the  bladder 
br  water  over  its  attraction  for  alcohol,  and,  secondly,  the  diffu- 
dvo  force  between  the  two  liquids ;  while  the  flow  of  the  alcohol 
s  due  to  the  diffusive  force  alone,  and  must  therefore  be  less 
apid. 

This  subject  of  osmotic  action  has  also  been  carefully  investigated 
y  Professor  Graham,  who  has  established  several  importaut  facts  in 
elation  to  it 

The  most  remarkable  conclusion  is,  that  all  substances  may  be  divided 
Qto  two  classes,  which  be  names  crystalloids  and  colloids.  The  first  class 
re  capable  of  crystaUiziug,  and  as  a  general  rule  they  form  perfectly 
laid  solutions,  wliieh  have  a  decided  taste.  The  second  class,  on  the  other 
tand,  are  incapable  of  crystallizing,  and  give  insipid  viscid  solutions, 
vhich  readily  form  into  jelly.  Hence  the  name  colloid,  from  jcoXXi;,  glue, 
kloreover,  while  crystalloid  bodies,  like  sugar  or  salt,  diffuse  with  com- 
nrative  rapidity,  the  colloids,  such  as  gum,  starch,  caramel,  gelatine,  and 
klburaen,  are  characterized  by  a  remarkable  sluggishness  and  indisposi- 
iou  to  diffusion.  This  fact  is  made  evident  by  the  following  table,  and 
t  will  be  noticed  that  sulphate  of  magnesia  and  cane-sugar,  which  are 
tmong  the  least  diffusible  of  crystalline  bodies,  diffuse  seven  times  as 
"apidly  as  albumen,  and  fourteen  times  as  rapidly  as  caramel,  both  well- 
narked  colloids. 

33* 
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Appmimaie  Timei  of  Equal  Dift 


Hytlrochloric  Acid 1 

Chloride  of  Sodium 

Cane-Sugmr I. 

8ul|>hate  of  Magnesia 7. 

Albumen 49. 

Caramel M. 


U|>on  this  marked  difference  of  qualiUet,  Grahaoi  hm 
raluable  metiiod  of  separating  the  two  clafl«es  of  bodies  from 
which  he  terms  dialysit.  A  shallow  traj  is  prepared  bj  stretchiag  |aid^ 
ment  paper  (which  is  itself  an  insoluble  ooUoid)  over  ooe  side  of  agiM» 
percha  hoop,  and  holding  it  in  place  bj  a  somewhat  larger  boop  ef  Ai 
Kame  material.  Tlie  Mlution  to  be  dialysed  is  poured  into  Uustraj*' 
b  then  floated  on  pure  water  in  a  shallow  dish,  tiie  Tolume  of  the 
being  from  six  to  ten  times  greater  than  that  of  tiie  soliitioni  Vwka 
these  conditions,  the  crystalloid  will  diffuse  through  tiie  pofoos  sepMS 
into  the  water,  leaving  the  colloid  oo  the  tray,  and  in  the  eoorse  ef  «i 
or  two  days  the  separation  will  have  taken  place  more  or  leia  eoa|tarij. 

The  value  of  this  process,  both  in  chemistry  and  phamuirj,  tm  Is 
readily  understood.  In  examining  organic  mixtures  for  pobooe^  it 
a  ready  means  of  separating  tlie  mineral  acids  and  the  TegMahk 
loids  (all  cryAtalUne  Ixxlies)  from  the  vegetable  coUoida*  wiili  wkkik 
they  are  mixed,  and  which  would  ob:«cure  their  chemical  nactiow;  mi 
again  it  turnishei*  an  c<|uaUy  etficient  means  of  freeing  silicic  arid!,  ears* 
mel,  ulbumt'n,  and  other  colloid  bodifs,  from  saline  impuritiea,  which  it  is 
very  difTicuh,  if  not  imi>o»sibl(',  to  n*nu)ve  in  any  other  way.  It  is  Oi< 
esiK'iitial  for  the  >u(vess  of  this  process  tliat  the  solution  of  the  cuUu»l 
sht>ul<l  n*niaiii  fluid*  tor  even  uAer  tlie  solution  has  .•^'t  into  a  firm  jcUy 
tilt*  diffusion  will  continue  appan'ntly  as  rapidly  as  before. 

The  U'^t-kiiowti  c«>llui<l  bodi«*!S  t^urh  a^  gum,  fkurclu  fniii-jrily,  and 
glue,  —  the  ty|K.'  of  the  cUuhs,  —  are  t*ub!itaniv.*i  of  or)*anic  orijnii,  and  thi« 
condition  of  matters  MH'nis  to  Ur  c^[KH*ially  adapttnl  in  the  plan  of  emu* 
tioii  for  funning  the  tl>>ues  of  livin<;  bein^;  but  there  are  also  manv 
in<>r;;unic  (H)lloitiA,  and  one  at  l<>a»t  whioh  plays  a  very  im|M)rtant  part  la 
i\iv  niincnil  kin;:<lom.  'Hio  Milubh*  f(»rra  of  silioio  acid  is  a  trxie  cuik^L 
li  ran  n-ailily  In*  t>l>(aiiii*«i  by  |>ouring  a  solution  of  silicate  of  foda  loto 
dilutiil  li\dnK*hl4»rtr  aiiil,  the  arid  tN*ini;  maintiiined  in  grvat  exons. 
Wlifii.  now,  ih**  n*Riiltin^  liquid  is  pla<*ed  on  a  dialy*<*r,  tbr  exn-««  cf 
h\«lriM-hlMrir  a«-i«l  and  thi*  c*t»iumon  !«iilt  fi>rued  by  the  chemical  rvi^«««, 
to;;itlu*r  viith  a  »inall  amount  of  silica,  diffu*«  into  the  wnier  brlnw,  lra\- 
int:  on  the  iniy  a  .•solution  cimtiuning  tin:  great  mass  of  tUe  silica  in  s 
pun.*  (*undiiion. 
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In  this  wAj  a  Bolatioa  Can  readilf  be  obtaioed  coataining  10  or  12  per 
eerit  of  silica.  Such  a  eolution  gelatixea  (^pontaneousljr  in  a  few  hours 
even  at  the  ordinary  temperature,  and  immediately  when  boated.  The 
more  dilute  the  folutioa  the  longer  it  can  be  kept  without  change,  and  a 
Boludon  holding  only  one  per  ceut  of  silica  is  practically  unalterable  by 
lime.  In  a  like  manner  Professor  Graham  has  obtained  alumina,  sesqui- 
oxide  of  iron,  se^uioxide  of  chromium,  and  stannic,  meta-etanuic,  titanic, 
Uingstic,  and  roolybdic  acids,  dissolved  in  water  in  a  coloidal  condition, 
and  presenting  properties  Bimilor  to  tboee  of  siljcjc  add  in  the  same  state. 
All  Iheae  substances  usually  exist  in  the  crystalline  condition.  The  col- 
Irad  condition  ia  an  abnormal  state,  and  in  all  colloids  there  is  usually  a 
tendency  to  approach  the  crystalloid  form.  The  water  of  cryslaltixatioD 
in  a  crystalloid  i^  represented  in  a  colloid  by  what  has  been  called  water 
of  gelatinizalion. 

Liquids  on  Gases. 
(203.)  Adhesion  of  Liquids  to  Gases. 
— Tlio  adhesion  of  liquids  to  gases  is  ex- 
cmpliiiecl  by  the  familiar  fact,  that,  wlien 
liquids  are  poured  from  one  Tessel  to  an- 
other, bubbles  of  air  are  carried  down  with 
the  descending  stream,  which  rise  and  break 
upon  thu  surface  of  tlio  liquid.  The  adhe- 
Bioti  of  water  to  atr  is  a  force  of  considerable 
power,  and  is  applied  in  some  places  for 
producing  the  constant  blast  which  is  re- 
quired for  working  an  iron  forge.  In  Pig. 
331  is  represented  the  machine  which  is 
used  for  this  purpose  at  tome  iron  forges 
in  Catalonia.  Water  is  dischai^ed  from 
the  rcsenoir  A,  into  which  it  flows  from 
a  higher  level, 
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which  18  carried  down  by  the  stream  of  water  into  the  rcserroir  C 
and  then  forced  through  tlie  tul)e  EFG  and  the  imyrrr  T (' 
into  the  crucible  of  tlie  forge.  The  stream  of  wati^r  is»  bn»k-n 
on  a  projecting  ledge,  and  escapes  by  the  opening  />.  Hr  ni^ 
ing  or  lowering  tlie  stop|»cr  /?*,  the  quantity  of  wator  whl*  h 
falls,  and  hence  also  the  intensity  of  the  blast,  can  ca>ilr  l^ 
regulated. 

An  aspirator  for  establishing  a  current  of  gas  through  rariou* 
forms  of  chemical  apparatus,  founded  on  the  principle  of  tlii« 
blast  machine,  has  been  dcscrilied  by  M.  W.  Johnson.*  Ii  coo- 
sists  merely  of  a  tube  ten  or  twelve  inches  in  length,  attacluHl  bj 
means  of  an  india-rubl)er  connector  to  a  water-cock.  Near  tlie 
top  of  this  tul>e  there  is  a  lateral  tubulature,  which  is  coniKXted 
by  an  india-rubl>er  hose  with  the  vessel  through  which  tlic  air  is 
to  1)0  drawn.  When  the  water-cock  is  partially  openeil,  a  rerr 
uniform  and  al>un<lant  current  of  gas  is  drawn  in  at  the  latonl 
opening,  and  its  velocity  can  be  regulated  by  Tar}'ing  tlie  length 
of  the  tulic. 

(204.)  Suluiiiin  of  Gases.  —  Another  effect  of  adhesion,  rtill 
more  important  in  its  chemical  relations  than  the  one  just  coo- 
sidered,  is  the  absorption  of  gases  by  water  and  other  liquids. 
Water  has  the  |K)wer  of  dissolving  all  gases,  although  in  Terr 
different  projwrtions,  varying  from  one  thousand  tim«'s  iin  own 
volume,  in  the  cose  of  ammonia,  to  only  alnjut  oitc  fiAieth  of  its 
volume,  in  lliat  of  nitn.)gen. 

The  amount  of  gas  dissolved  by  a  liquid  on  which  it  rxi*rts  no 
chemical  action  de|xMids  u|Kjn, — 

1st.  The  |K*cuHar  nature  of  the  jnis  nnd  the  absorbing  liijuiJ. 

2d.  Tlie  pressure  to  wliicli  the  gas  is  ex|»osed. 

Ikl.  The  tem|M»ratun\ 

Tlie  volumt'  of  a  ^as  (  hvIiummI  to  0"  and  to  ?•>  cm.  pn*-«»tip- 1 
whirh  is  al»sorl>ed  by  ime  cul>ie  ri»ntinietn»  of  a  litjuid  ui««l»'r  iIj-* 
prt"**iure  of  ?♦>  <*.  m.  is  eall»Ml  tlie  corjfirient  of  nhsor/fiitPH.  Th.* 
cot?fficient  of  ahHirptinii  varies  with  the  tem|M»ratun»,  but  for  ai;y 
givtMi  t4Mii|H»ratun»  it  i>  a  constant  quantity  for  the  saniti  pi?i  and 
liquid.  Th«»  coeffi«'i<*nts  of  ttb>orption  at  0**  of  a  few  of  th<?  Um 
known  gaM^s  are  given  in  tht*  following  table,  botli  for  water  and 
for  alcohol  :  — 

•  Joaniftl  of  Om  Cberakml  Sonrtr  of  Lomloo.  Vol.  I V.  pw  IM. 


TH£  THREE   STATES   OF  1CA.TTEB. 


898 


Kmme  of  Gas. 

Nitrogen,       .         . 

Hydrogen, 

Oxygen, 

Carbonic  Acid,  . 

Sulphide  of  Hydrogen,    . 

Sulphurous  Acid, 

Ammonia, 


Volome  in  c  m.*  absorbed  by  one  c^  m."  of 

Water.  Alcohol. 

0.02035  0.12634 

.     0.01930  0.06925 

0.04114  0.28397 

.     1.79670  4.32950 

4.37060  17.89100 

.  68.86100  328.62000 
1049.60000 


^205.)  Variation  of  Vie  Coefficient  of  Absorption  with  the 
mperature,  —  In  a  solid,  the  force  which  the  solvent  power 
a  liquid  has  to  overcome  is  that  of  cohesion  ;  in  a  gas,  on 

other  hand;  it  is  that  of  repulsion  ;  and  we  should  therefore 
urally  expect,  contrary  to  what  is  true  of  solids,  that  the  sol- 
lity  of  gases  would  diminish  with  the  increase  of  the  tempera- 
e.     This  we  find  to  be  the  case,  and,  with  a  few  exceptions, 

solubility  of  a  gas  is  greater  the  lower  the  temperature.  As 
the  case  of  solids,  however,  the  law  of  the  variation  depends 
)n  the  nature  of  the  gas,  and  must  therefore  be  determined  for 
h  special  case.  In  Table  VII.  of  the  Appendix,  the  coefficients 
iolubility  of  the  most  familiar  gases  are  given  for  different  tem- 
atures  within  the  limits  of  ordinary  observation.     By  compar- 

together  the  results  of  observation  at  different  temperatures, 
can  obtain,  as  in  the  case  of  the  solubility  of  solids,  interpo- 
on  formula;  by  means  of  which  the  coefficients  may  be  cal- 
ated  for  other  temperatures  within  certain  restricted  limits. 
LIS  in  the  case  of  the  absorption  of  nitrogen  by  water,  the 
Lilts  of  five  experiments  were  as  given  in  the  following  table 
n  Bunsen's  Gasomctry.* 


\o.  of  the 
^rp^rinu'r.t. 

Tpmperatupe. 

Coefflclentfl  found. 

Coefflcient  from 
FormuU. 

Differrace. 
0.00006 

I 

4.0 

0.01843 

0.01807 

2 

6.2 

0.01751 

0.01737 

— 0.00014 

3 

12.6 

0.01520 

0.01533 

+0.00013 

4 

17.7 

0.01 136 

0.0 1430 

— 0.00006 

5 

23.7 

0.01392 

0.01384 

— 0.00008 

combination  of  the  experiments  1,  2,  3 ;  2,  3,  4 ;  3,  4,  5,  we 
liu  the  interpolation  formula 


•  Gasometry,  by  Robert  Bunsen.    Translated  by  Roscoe.    London.    1857. 
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t  =  0.020846  —  0.00068887/  +  0.000011156  r,         [181.] 

by  means  of  which  tho  numbers  of  Table  YII.  maj  be  cako- 
lated.  For  the  intcrpoktion  formulas  by  which  the  coeflfeieots 
of  absorption  of  other  gases  may  be  calculated,  as  well  in  alcobtJ 
as  in  water,  wo  must  refer  the  student  to  tho  excellent  work 
of  Professor  Buuseu  already  cited,  from  wliich  Table  YII.  has 
been  taken. 

To  tlie  general  law  that  the  solubility  of  a  gas  diminisbn 
with  tlie  increase  of  tlie  temperature,  tlicro  are  several  exo^*- 
tions.  Thus,  the  coefficient  of  absorption  of  oxygen  in  alcohol  is 
constant  at  0.28397  for  temperatures  between  0*  and  24*,  and 
the  same  is  true  also  for  hydrogen  in  water.  So  alM>  one  rel- 
ume of  water  at  5**  absorbs  less  chlorine  gas  tlian  at  8* ;  but  beiv, 
as  in  similar  cases,  the  apparent  exception  to  the  law  is  caus^ 
by  the  intervention  of  chemical  affinity.  Chlorine  forms  at  0" 
a  defniite  crystalline  compound  with  water,  and  Uie  solubilitr 
of  this  solid  increases  with  the  temperature  up  to  10*.  Aliore 
tliis  tem[>eraturo  the  crystalline  liydrate  cannot  exist,  tho  chk> 
rine  dissolves  as  a  gas,  and  its  solubility  follows  the  genenl 
law,  diminishing  with  the  tem[)erature. 

Although  the  solubility  of  a  gas  increases  as  the  tempem- 
ture  falls,  yet  at  the  moment  the  ru|uid  freezes,  the  al^ioried 
gas  is  almost  entirely  set  free,  niiring  the  freezing  of  wai*T 
the  air  dissolved  si»|)arates  fnmi  it,  forming  bubbK»s  in  the  id*. 
So  also  the  oxygi»n  which  is  absorU'il  in  large  4uantity  by  uK^tc*^! 
silver  is  evolvtHl  when  it  S4>lidiries.  But  wluMi  at  llie  frwxini: 
I>oint  the  dissolved  gas  forms  a  definiti^  compound  with  iIk 
wat«T,  it  sometimes  hap|NMis  that  no  gas  is  evoh'ed  wlK*n  ih-' 
water  fn^rzes,  as  is  the  ca>e  with  the  K>lution  of  chlorim*  ju.*i 
mentioiH'd. 

(20«>. )  Variation  of  the  Solubility  of  a  Gas  tritk  the  Prti- 
Mure,  —  This  variation  follows  a  very  simple  law.  The  t^mom- 
tity  of  vras  *  absorbed  by  a  liquid  varies  directly  as  ike  pressure 
trhich  the  *^as  exerts  upon  ii.  If  now,  in>tead  of  considt'rinj 
th<*  (jtiautity  of  g;i.s  al»>oHMHl,  we  consider  the  volume  aliMtriin**! 
uii<l«*r  any  iriv«»n  preHKure,  it  follows,  from  Mariotto's  law,  tlut 
thi*'  vohiiut*  mu>t  In*  tlie  same  in  all  cas4*H.  Thus,  for  exain|ite,  at 
0^  oni»  «Mil»ic  centiin«'tn\or  water  al>sorlw  l.Tl>7  c.  m,*  of  car4»onic 

*  l\r  ihc  leriD  t/mtmiitg  nf'it  yu4  t«  alwa? •  to  tic  ondcmUKMl  tht  nttmbrr  oi  mUr 
limecra  iiicfl*anKl  at  0^  C  ftod  ttoder  ft  prwwurt  BcftAurod  bj  79  c  ».  of 
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atad  gas,  vhatever  may  be  its  pressure.  If  the  pressure  is  76  o-m., 
the  quantit;'  of  gas  absorbed  measures,  at  the  standard  tempera- 
ture and  pressure,  exactly  1.797  cm.'.  If  now  the  pressure  is 
doubled,  the  Tolume  of  gas  absorbed  is  the  same  as  before,  but 
the  quantits  (measured  at  0°C.  and  76  c.  m.)  will  be  foimd  equal 
to  twice  1.797  or  S.594  cTm.',  and  the  same  is  true  for  all  pres- 
sures within  the  limits  at  which  Mariotte's  law  holds  good. 
(16o.)  It  is  true  that  the  kw  has  not  been  demonstrated  ex- 
perimentally except  in  a  few  cases  and  within  very  restricted 
limits,  but  it  is  highly  probable  that  it  is  as  constant  as  tliat  of 
Uariotte.  Representing  by  V,  and  V.'  the  ^uon/tfies  of  a  given 
gas  absorbed  by  a  given  volume  of  liquid  corresponding  to  the 
pressures  H,  and  HJy  we  have  for  the  mathematical  expression  of 
this  fundamental  law  of  gasometry  the  proportion 


r,:Vj  =  B.:  HJ. 


[132.] 


The  principles  of  this  section  are  illustrated  by  the  apparatus 
represented  in  Figs.  S32  and  333,  used  for  saturating  water  with 
carbonic  acid  gas  under 
pressure  (soda-water).  It 
is  made  of  earthenware ; 
tnd  tlie  two  chambers  A 
and  J3,  as  shown  in  the 

Section,  are  connected  to- 

getlier  by  the    fine    tube 

a  b.    Tlux>ugh  Uie  neck  of 

tlie  apparatus  at  «,  water  is 

introduced  into  the  upper 

chamber,  B,  which  is  tlien 

closed    by   a   screw   plug. 

Throt^h  this  plug  passes  a 
tube,  p  i,  closed  by  a  valve 
stopcock,  by  means  of  which  the  water  may  be  drawn  off  when 
saturated  with  gas.  Through  a  tubulature  at  o,  which  can  also 
be  closed  by  a  screw  plug,  the  materials  for  making  carbonic 
acid  gas  (bicarbonate  of  soda,  tartaric  acid,  and  water)  are  in- 
troduced into  the  lower  chamber,  A.  Tlie  gas,  as  it  is  evolved, 
escapes  tlirough  the  tube  b  a  into  the  upper  part  of  the  chamber 
B,  where  it  comes  in  contact  with  the  surface  of  the  water,  and 
is  in  part  dissolved,  while  the  rest  exerts  a  pressure  upon  it 
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amounting  to  several  atmospheres.  On  opening  tUo  stopcock, 
the  water  charged  with  gas  is  driren  out  with  force,  and  the 
amount  of  gas  dissolved  is  found  to  bo  exactly  proportional  lo 
the  pressure  which  it  exerted  on  the  surface  of  the  water. 

When  the  water  thus  surcharged  with  gas  is  dram*u  out  into  a 
glass  tumbler,  the  excess  of  gas  escapes  with  cfrenrc5cenri\  If 
the  process  is  closely  examined,  it  will  l)e  noticed  that  the  huM»lci 
of  gas  rise  from  the  sides  and  bottom  of  the  tumbler*  and  if,  while 
the  water  is  still  saturated,  we  drop  into  it  a  solid  body  with  a 
rough  surface,  a  piece  of  bread,  for  example,  there  will  cnMn*  a 
brisk  etTer^'cscence  anuind  the  Ixxly.  The  cause  of  this  phen«»ni- 
enon  is  thus  explained.  The  gas,  as  we  have  ai^sumt*d«  is  1h*M 
in  solution  by  the  adhesion  of  the  liquid  particles.  In  the  midst 
of  the  water  the  |»articles  of  carbonic  acid  are  surrounded  on  ail 
sides  by  particles  of  licjuid,  but  immediately  in  contact  with  iIh* 
solid  they  are  only  attracted  on  one  side  by  the  liquid,  since  on 
the  other  they  are  in  contact  with  the  solid  surface.  It  is  evident 
that  the  adhesive  force,  and  hence  also  the  s<Jvent  {Kiwer,  must !« 
less  in  the  last  case  than  in  the  first,  so  that  the  {mrticles  of  gai 
in  contact  with  the  solid  surfaces  will  be  the  firbt  to  assutue 
the  aeriform  condition.  These  {tarticles  uniting  together  form  a 
small  bubble  of  gas,  which,  as  it  rises  through  the  solution,  coih 
stantly  enlarges,  and  acquires  a  considerable  size  before  it  brrak« 
on  the  surfare.  Tlie  bubble  incn'ases  in  size  a*  it  as«*«Miils,  U^ 
caus4?,  as  is  cvidt'ul,  it  mu>t  have  the  s:ime  etllvt  as  a  >olid  Unir 
on  all  the  partich'«<  of  the  solution  witli  wliicli  ii  comes  in  contact, 
diniinishintr  the  adiicsive  f»»rr»'  U'tweou  the  water  and  ira>. 

If  Mater  Kituratfd  with  carlHihie  arid  is  plact^d  und'T  a  trl^*? 
In'11  reciting  ou  th«*  plate  of  an  air-pump,  the  carUuiir  at-itl  «.;! 
cs4»ajM»  from  the  dilution,  and  collivt  in  llie  U'U,  until  llie  qu.iut.tv 
nMuaining  in  solution  corn's|M»iHl^  to  the  pressure  c\frt«'d  Ir 
the  carUiiiie  arid  whieh  has  eM-a|MMl.  Tlie  pn»x.Mnv  «»f  air  i  i 
the  U'll  diH'H  not  in  any  way  nWWi  the  fuial  result,  an«l  pr^vi^-lv 
the  sauK*  quantity  of  carlxHiie  ai'id,  and  no  nioiv,  would  hm*  into 
the  Im'II  if  tin*  air  w«*n5  couipl«trly  n'Uioved.  It  is  tnn*,  Iimw- 
ever,  tlial,  if  the  Udl  w»t«»  e\hau*»t«Ml,  tlii.s  quantity  would  i^-aj*? 
instuntaii(*ou>ly,  whih'«  if  it  is  hlli'd  with  air,  the  (N{uilibhnm  19 
only  attained  aft«T  a  consi<leralde  time.  The  same  is  true  if  the 
Indl  is  tUh*d  with  <»tlH*r  gaM*s  than  air.  Li*t  us  now  sup{H)M»  that« 
after  the  equilibrium  has  been  attained,  a  |iortion  of  tlie  mixture 
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of  carbonic  acid  and  air  is  removed  by  the  pump.     Tlie  pressure 
which  the  carbonic  acid  exerts  on  the  solution  will  thus  be  di- 
minished, and  more  gas  will  escape  from  the  solution,  until  the 
equilibrium  between  the  gas  dissolved  and  the  pressure  of  gas  in 
the  bell  is  again  restored.     It  is  evident  that  the  whole  gas  can- 
not be  removed  from  a  solution  by  the  air-pump,  since  we  can 
never  remove  the  whole  of  the  gas  from  the  surface  of  the  liquid, 
and  cannot  therefore  entirely  remove  the  pressure  which  the  gas 
escaping  from  the  solution  exerts.     Tliis  object,  however,  can 
be  readily  attained  by  placing  at  the  side  of  the  glass  holding  the 
solution  another  glass,  containing  some  chemical  reagent  which 
has  the  power  of  absorbing  the  gas.     Thus,  if  we  place  under 
the  same  bell  containing  a  solution  of  carbonic  acid  a  concen- 
trated solution  of  caustic  potash,  this  reagent  will  keep  the  bell 
free  from  carbonic  acid,  and  reduce  the  pressure  it  exerts  to 
nothing*,  so  that  the  gas  will  continue  to  escape  from  the  solution 
until  the  whole  is  removed.     If  at  the  same  time  we  exhaust  the 
air  with  the  pump,  we  shall  greatly  hasten  the  process,  although 
the  final  result  is  not  affected  by  the  presence  of  the  air,  or  any 
other  chemically  inactive  gas. 

The  amount  of  carbonic  acid  present  in  the  atmosphere  is  so 
small,  that  it  exerts  no  appreciable  pressure  ;  so  that,  if  a  solu- 
tion of  this  gas  is  exposed  to  the  atmosphere,  the  whole  of  the  gas 
should  according  to  the  law  escape.  This  we  find  to  be  the  case, 
although,  on  account  of  the  slow  diffusion  of  carbonic  acid  into 
air,  it  requires  a  long  time  before  the  whole  has  disappeared. 
The  same  must,  of  course,  also  be  true  of  sohitions  of  all  gases 
with  the  exception  of  those  composing  the  atmosphere. 

Tlie  most  available  means  of  driving  out  a  gas  from  a  solution 
is  boiling.  The  high  temperature  diminishes  the  coefficient  of 
absorption,  and  moreover  the  escaping  vapor  carries  away  with 
it  the  gas  from  the  surface  of  the  liquid,  so  that  the  pressure 
which  the  gas  exerts  on  this  surface  is  constantly  diminishing, 
and  with  it  also  the  amount  of  the  gas  which  the  liquid  can  hold 
in  solution.  On  this  same  principle,  protoxide  of  nitrogen  can 
l)e  entirely  removed  from  water  by  passing  through  it  a  current 

of  air. 

There  arc  a  few  gases,  such  as  chlorohydric  acid,  which  have 
so  strong  an  affinity  for  water  that  they  cannot  be  removed  by 
boiling,  since,  after  the  solution  is  reduced  to  a  certain  degree 

84 
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of  concentration,  tlie  liquid  and  gas  evaporate  together  as  a 

whole. 

(207.)  As  a  general  rule,  the  solubility  of  a  gas  is  dimimuked 
bjT  the  presence  of  other  substances  in  the  solution.  Thus,  lor 
example,  water  containing  sulphuric  acid  or  any  salt  will  absorb, 
in  most  cases,  less  gas  than  when  pure.  As  a  neoessarj  cotise> 
quenco,  the  gas  which  water  holds  in  solution  can  in  great  iiiea»> 
ure  be  driven  out  by  the  addition  of  oil  of  vitriol,  or  by  diwolriDg 
in  it  some  salt.  So  also  melted  silver,  which  absorbs  fium  Uic 
atmosphere  a  largo  volume  of  oxygen,  disengages  with  eflferrt^ 
conce  the  whole  of  the  dissolved  gas,  on  tlie  addition  of  an  equal 
weight  of  melted  gold. 

Whenever,  on  the  other  hand,  as  is  sometimes  tlie  case,  the 
solubility  of  a  gas  is  increased  by  the  presence  of  salts  or  other 
sulMstances  in  solution,  this  exception  to  the  general  rule  is  appar- 
ently  caused  by  tlie  chemical  affinity  of  tlie  dissolved  substance. 
The  presence  of  phosphate  of  soda  increases  greatly  the  solubility 
of  carbonic  acid,  and  the  presence  of  sulphate  of  co|^r  and  sul- 
phate of  protoxide  of  iron,  the  solubility  of  oxide  of  carbon  and 
dcutoxide  of  nitrogen,  respectively.  It  is  true  that  in  all  tlh^ae 
cases  tlie  gas  can  be  driven  out  of  the  solution  by  boiling,  but 
nevertheless  it  is  probable  that  unstable  compounds  arc  in  each 
case  formed;  and  this  opinion  is  substantiated  in  the  last  cave  by 
the  very  remarkable  change  of  color  wliich  the  solution  of  grtvn 
vitriol  uadertroes  by  alisorbiiig  deiitoxide  of  nitrogen  gaii. 

The  principles  of  this  section,  it  should  be  notic^nl,  ^Pply  •*"'5 
to  solid  and  liquid  Injdies,  since  the  cot^ffioient  of  al>soq>tioh  of 
one  gas  is  not  apparently  influenced  by  the  presence  in  the  y^Aw- 
tion  of  anotlier  fras  on  which  it  is  chemically  inactive.  This  b^t 
principle  will  Ik;  considered  in  detail  in  section  (201>). 

(  iS)<. )  Determination  of  the  Corjfineni  of  Abwrpiitm.  —  A*  has 
Ikhmi  already  state<l,  the  ccM^fticiont  of  abnirption  is  the  volume  of 
pa-s  (nioasuriMl  in  oubir  centimetres  at  0*  and  7*>  c.  m. )  alt«oHi«*«l 
by  o:io  oul)ic  cenlini«»tre  of  li(|uid.  Since  this  coefficient  varies*  m  iih 
the  t«»in|)orttture,  it  must  Ih»  drtormintMl  for  each  teni|M*niture«  or 
wo  may  <letemiine  it  with  arounn'V  for  several  tcm|R*ratun^  at 
suital)lt»  intervals,  and  then  from  these  n^sults  diHluiv  an  interp^v 
lation  formula  l»y  which  we  may  calculate  the  c<K*fficitMit  for  all 
interniciliate  temperatures,  and  pre{>are  tables  like  Table  VII. 
of  the  Appendix.     It  is  only  then  necessary  to  inquire  bow  tbe 
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coefficient  is  determined  for  any  given  temperature,  t.    There  are, 
in  general,  two  methods  which  are  used  for  this  purpose. 

First  Method.  —  The  first  method  consists  in  passing  a  current 
<rf  the  gaa  through  the  liquid  under  experiment,  until  the  last  is 


saturated ;  then,  having  carefully  ohserved  the  temperature  of 
the  solution,  transferring  with  proper  precautions  a  measured 
Tolimie  to  a  glass  beaker,  and  determining  tlie  weight  of  the  dis- 
solved gas  by  some  process  of  chemical  analysis.  This  method 
will  be  better  understood  if  illustrated  by  an  example,  and  we 
will  select  for  the  purpose  the  determination  of  the  coefficient  of 
absorption  of  sulphide  of  liydrogen  in  alcohol,  which  was  made 
by  Prs.  Schonfeld  aud  Carius,  with  the  apparatus  represented  in 
Fig.  334.' 

The  fla'k  a  a  is  closed  by  a  tight  cork,  through  wliich  four 
holes  have  been  bored.     Through  tlie  first  of  these  passes  a  ther- 
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momctcr,  6 ;  through  the  second,  the  tulw,  c,  conductinf^  the  p^\ 
throu^li  the  third,  a  short  tutns,  c/,  iterving  as  a  vent  to  the  n«, 
and  en<ling  in  a  8mall  india-rubl>er  tulic,  which  can  U*  caslr 
closed  by  a  gla^s  rod ;  lastly,  through  the  fourtli  hole  |n5H*<  a 
si|)hon  tu)>o,  e.  Tlieso  tulK.\s  exactly  fit  the  holes  in  the  mrk.  ^» 
tluit  if  tlie  tulK)  d  is  closeil  wliilo  tlie  current  of  gas  i»  t\um\Lz 
into  the  flask  througli  tlie  tul)o  c,  the  solution  will  1x3  forced  fut 
through  this  siphon  tu)»e,  e. 

In  making  the  determination,  the  sulphide  of  liydnv^^n  vi* 
g(Mierat4'd  from  sulphide  of  iron  .and  dilute  sulphuric  acid.  uti. 
having  Inmmi  waslunl  with  water,  was  passed  through  alcuh<»l  ia 
tlie  iliu<k,  which  had  l)een  previously  boiled  in  order  to  ox|h:1  all 
the  air  it  contained  in  solution.  The  alcohol  in  the  mean  tim-* 
Wius  kept  at  a  constant  tenqierature  by  placing  tiie  (la>k  in  a  vj- 
ter-lmth,  and  this  ti'm|)erature,  which  was  carefully  olksorriii  U 
the  thennonieter  A,  wo  will  call  /**.  The  tulx;  d  was  al«o  IrA 
open,  so  that  the  sulphide  of  hydrogen  gas,  which  filbnl  tlie  uf^**: 
part  of  the  flask,  exerted  the  same  pressure  on  the  surfmv  of  th*- 
alcohol  as  that  indicated  by  the  barometer  at  the  time  of  tlic 
ex|KM*iment.  Wo  will  represent  this  by  1/.  At  the  end  of  tm.» 
hours,  wht*n  it  was  assumed  that  the  liquid  was  saturatinl  mult 
the  gas,  tlie  india-rublxsr  connector  at  d  was  closed  by  a  irU^* 
rod«  and  the  solution,  as  it  was  foRvd  out  thnmgh  tli«*  >iph«»:i  /. 
coll»M't«'d  in  a  m<»asu ring-glass.  The  tulK?  e  was  so  adjusted  *• 
to  reach  to  tlie  liottom  of  the  measuring-ghiss,  and  after  thf  ^'U.^ 
was  full,  tlio  solution  was  |MTmittcd  to  overflow  the  m*>uth  I'-t 
soin«'  time,  and  until  the  up|KT  layt*rs  of  the  liquid,  uhiiii  had 
lieeii  c.\|M»<iMi  t4)  the  air,  an<l  cons4^jurnlly  lo>t  a  |H»rtion  of  tlH-.r 
gas,  liad^  Immmi  n^plactnl  by  the  saturated  solution  ri>inir  fp-m 
l»elow.  The  glass  was  then  <|uickly  cbwitnl  l»y  its  sto|>|n*r,  ai;«l  it* 
cont4»nts  iinnit'diately  after  tninsftTnul  to  a  Ivaker  coiitaiuiiii;  a 
solution  of  chloride  of  cop|)er.  The  volume  of  the  solution  umM 
was,  of  eotirs*',  the  sann?  as  that  of  the  measuring-glass«  and  »r 
will  repn»>4Mit  it  by  V.  Lastly,  the  sulphur  of  thi*  precipital«'*i 
sulphith*  of  eop|NT  was  convertt'd  into  sulphuric  acid  by  nitnc 
acid,  and  weighed  in  the  u>ual  way  as  sulphate  of  liaryta.  Frum 
the  weight  of  sulphate  of  baryta  the  W(*ight  of  sulphide  of  hydn> 
gi*n  coutaine<l  in  the  solutitui  was  e;isily  calculaU*d.  Krpr«»ent 
tltis  weiirlit  by  ir,  and  the  known  weight  of  one  cubic  ivntiinetnr 
of  sulphide  of  hydrogen  gas  at  0^  and  70  c.  m.  by  w  (^Tdbl«  11.), 
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and  we  have  all  the  data  for  calculating  the  coefficient  of  absorp- 
tion at  the  temperature  of  the  experiment. 

V  «—  volume  of  solution  saturated  with  H  S  at  ^  and  If  cm, 
W  *—  weight  of  H  S  in  ditto,  at  f  and  H  c.  m. 

Then  by  [132], 

7fi 
W~jf  =  weight  of  n  S  in  ditto  at  f  and  76  c  ul 

Dividing  by  w?,  wo  get 

—  .  j=rz=z  Tolume  of  H  S  (measured  at  (f  and  76  c.  m.)  dissolved  at 

f  and  76  c.  m. 

It  was  assumed  in  this  determination  that  the  volume  of  alcoliol 

underwent  no  change  by  absorbing  sulphide  of  hydrogen,  so  that 

V  represents  not  only  the  volume  of  the  solution,  but  also  the 

Tolume  of  the  alcohol  it  contained.     Hence,  F  cubic  centime- 

W    76 

tres  of  alcohol  at  V*  dissolve  —  .  ^  cubic  centimetres  of  sulphide 

of  hydrogen,  measured  at  0°  and  76  c.  ni.  Consequently,  the 
coefficient  of  absorption,  or 

As  is  evident,  this  formula  is  not  only  applicable  to  the  particu- 
lar case  under  consideration,  but  may  also  be  used  in  all  similar 
cases,  in  which  the  volume  of  the  liquid  is  not  sensibly  altered 
by  dissolving  a  gas. 

If,  however,  we  seek  to  determine  the  solubility  of  sulphurous 
acid  gas  in  alcohol  by  the  same  method,  it  will  be  found  that  the 
assumption  made  in  the  last  example  is  no  longer  correct,  and 
that  it  is  essential  to  pay  regard  to  the  change  of  volume.  As 
for  the  rest,  the  determination  may  be  conducted  in  precisely 
the  same  manner,  only  the  weight,  W^  of  sulphurous  acid  gas 
contained  in  a  measured  volume,  K,  of  the  solution,  must  be  de- 
termined by  some  special  method  of  chemical  analysis.  As  we 
cannot  conveniently  measure  the  volume  of  alcohol  before  the  ab- 
sorption  corresponding  to  the  measured  volume,  K,  of  the  solution, 
we  determine  carefully  the  specific  gravity  of  the  alcohol  and 
of  the  solution,  and  thus  obtain  all  the  data  for  our  calculation, 

84* 
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V  "■  volume  of  alcohol  Mtunued  with  S  Oy  «!  I*  and  JBcm, 
(Sjp.  Gr.)         mm  tpecifie  gravitj  of  ditto. 

V .  {Sp.  Gr.)  —  weight  of  ditto.     See  [56]. 

W  —  weight  of  S  O,  dissolved  at  f*  and  Hiu  m.  m  VZm}  d 

solution. 

V  .  {Sp.  Or.)  —  W  m^  weight  of  alcohol  in  Fcml*  of  folution. 
{Sp,  Gr.y        «■  specific  gravitj  of  alcohol  before  absorpcioo. 

Hence  by  [oO], 

-   —  J^'  ^  {      —  ■■  volume  of  alcohol  in  Fc.m.*  of  satarated  solotioa. 
{Sp.  Gr.y 

w  -»  weight  of  one  cubic  centimetre  of  S  0|  gas  measored  at  CT 

and  76  c  m. 


r 

w 


—  volume  of  S  O*  (measured  at  0*  and  76  e.  m.)  diasolvfd  ii 
Vc.  m.'  of  solution  at  f  and  //c.  m. 

—  ■«  volume  of  ditto  dissolved  in  KcTm.'  of  solotioa  al  <*  and  76  &■. 


tr 


Hciico  -— /^'  ^  w    —  c.'ml»  of  alcohol  disaolTOi  at  C  and  76 

W        76  m      0  o  r\ 

c.  in.,    —  '  17  ^'  ™-        ^  ^*  6^* 
Whence 

Thi!<  formula  may  l>o  used  in  all  similar  determinations  of  the 
cot^flTirient  of  absorption,  where  the  volume  of  the  lirjuid  is  !s»Mi«iblr 
changed  by  the  al»s«»rption  of  the  gas.     When  there  is  no  changv 

of  volume,  V=  -  '    '{!'  '/,*  ^,        .which,  sul>stituted  in  fl^L 

reduces  it  to  [!:):>]. 

Tln»  metliiHl  of  dot<»rmininc:  llio  coeflTioient  of  absf>rption  ju*! 
deMTilM'd  is  tin*  \^*^i  wh«»nover  the  gas  di^^wdves  in  larg*»  quanti- 
ti«*s  in  the  li<)uid,  and  when  it  is  of  suoh  a  natun*  that  tlie 
amount  in  solution  ran  Ik>  riMidilv  d(*termin(*d  bv  the  metli««U  of 
rheniiiMl  analysis.  In  th«*  praetical  application  of  this  metliod« 
jHMMiliar  pHM^autions  an?  nvpiinMl  in  ourh  h|)ccial  caM.\  t\^  a 
«ifMTipli«»n  of  thesi\  we  nmst  n'fcr  the  htudent  to  the  work  of 
I*rof«»»»M»r  KuiiMMi,  aln»adv  notic<Ml. 

S^Tttnti  Mt'thtni,  —  The  H»co|id  metluMl  of  detormininfr  the  c*v 
eflieient  ofabMirption  consists  in  shaking  up  in  a  graduattnl  glaia 
tul)o  a  measured   volume  of  gas  with  a  measurod  toIuiim  of 
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I,  and  carefully  observing  the  volume  of  gas  abBorbed.  A 
elegant  apparatus  for  this  purpose,  called  an  absorption- 
I,  is  described  and  figured  hj  Bunsen  in  his  work  on  Gasom- 
and  a  diagram  illustratlDg  its  principle  ia  given  here  in  Fig. 

The  gas  is  collected  in  the  gradu- 
ijass  tube  a  a  over  a  mercury  pneu- 
trougli,  and  its  volume  carefully 
Bined.  We  will  call  tliis  volume 
;ted   for  temperature,  V^.     At    the 

time,  we  observe  the  height  of  the 
leter,  and  the  height  of  tlie  surikce 
e  mercury  in  the  tube  above  the 
-^e  of  the  mercury  in  the  pneumatic 
b.  The  diflbrcnce  of  these  heights 
us  a  quantity,  H,  which  is  the  pres- 
to which  the  gas  coniined  in  the 
is  exposed  (169).  Next,  a  volume 
uid  from  which  all  ttie  air  has  been 
ed  by  boiling  is  passed  up  into  the 

Btill  standing    over   the   mercury  "«■  s"^ 

h.  This  volume  is  also  carefully  observed,  and  we  will 
lent  it  by  K  The  tube  is  now  closed  by  screwing  on 
)  iron  ring  c  c  (which  is  cemented  to  the  tube  a  short  dis- 

from  its  moutb)  the  iron  cap  bbdd.  The  surface  d d  is 
jd  with  a  piece  of  sheet  india-rubber,  which  is  pressed  by 
rew  against  the  mouth  of  the  tube,  and  hermetically  closes 
'he  tube  (filled  with  mercury,  gas,  and  the  liquid)  is  now 
erred  to  the  glass  cylinder  gg.  This  cylinder  is  cemented 
ase  A,  and  o.  rectangular  projection/,  at  the  bottom  of  the 
;ap,  exactly  fits  a  corresponding  hole  in  the  upper  surface 
:  base.     Tbe  cylinder  may  be  closed  by  an  iron  lid,  wliici; 

on  a  hinge  t,  and  which  may  bo  fastened  by  the  thumb 

n.  To  tbe  under  uurface  of  the  cover  a  piece  of  indi:i 
r,  m,  is  cemented,  which,  when  the  cover  is  closed,  presses 
t  the  top  of  tbe  glat<a  tube  and  keeps  it  in  place.  The 
at«d  tube  having  been  introduced  and  adjusted,  mercury  is 
i  into  tlie  cylinder  xintil  it  covers  tlie  bottom  to  the  depth  of 
1  centimetres,  and  the  rest  of  the  cylinder  is  then  filled  with 
The  cover  is  now  closed  and  fastened,  and  the  whole 
itus  violently  shaken  in  *"'    litate  tlie  solution  of 
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tho  gas.  The  lid  is  next  opened,  and  hj  turning  the  tube  te 
cap  is  unscrewed,  and  tho  mouth  of  the  tulie  opened  und^r  tlie 
mercury,  wliich  rises  to  take  tiie  place  of  tho  gas  which  has  Im«b 
ahsorlxHl.  By  turning  tlio  tube  in  tho  reverse  directioii  the 
moutli  is  now  closed,  and,  the  cover  having  been  shut  down  and 
fastened,  tho  ai)paratus  is  again  shaken ;  and  this  process  if 
re|>eated  until  no  further  absorption  of  gas  is  perceptible.  Whrn 
the  alnH)rption  is  completed,  the  volume  of  gas  remaining  in  the 
tiilw  is  carefully  olwerved.  Tliis  volume  corrected  for  tempen- 
turo  wo  will  call  V\.  Tho  pressure  H*y  to  which  the  itm  b 
exposed,  can  now  l)e  calculated  from  tho  height  of  the  barometef, 
tho  difference  of  level  of  tho  mercury  in  tho  tulie  and  in  tlie  cyl- 
inder, and,  lastly,  the  heights  of  tho  columns  of  water  in  tho  two 
vessels.  These  quantities  having  l)een  carefully  observed,  we 
commence  the  calculation  by  finding  from  Table  XIX.  the  equiv- 
alents  of  the  two  water  columns  in  centimetres  of  mercurr. 
Repn*senting  these  values  by  h'  and  A",  tho  difference  of  levrf 
of  the  niercurj'  by  A,  and  the  height  of  tho  barometer  by  i/,  we 
have  for  the  value  of  the  pressure  H'  =  H —  A  +  (A  —  A  >. 
A  tbennometer  placed  within  the  cylinder  gives  the  tenipt»ratunp 
of  the  water,  and  hence  the  temperature  at  wliich  the  coofficieut 
is  determined.  We  have  now  determined  all  the  data  nM|uired 
for  calculating  the  coefficient. 

J  g         =.  volume  of  pLH  iK'forti  ab.'»orption,  ut  0*  and  pn*!**um  //  r.  ra. 

I"     ''     a  a  u  u  a  *•  Tit  ..    •« 

»  •    _  •    —  4  •»  < .  IIL 

To'         z^       *•  *•       afttr  **  -  -  //  <•.  IT. 

V'  ^^  =       *^  ^  ^  ^  -  -  TO  r.  m. 

4  It 
.     Jl  ,       If 

^9^:    —   I/.-.  —  nMliKNHl  volume  of  pwab?*ortK»d  under  the  pn***urv//. 

4  h  lb 

Hy  [i.-i-i], 

'  -  —  I  g '  =  r«'<hi<*«»<l  volum«»  of  pa<  ah<H)H>e<l  under  the  prc«*unp  To 

i\  \\\.  liy    V  c.  m.*  of  li<|uid. 

In  uiuking  doti^nninations  of  the  c<>«»ffieient  of  a1>^)rptioii  by 
ihiH  ni<*th(Ml,  it  is  necessary  to  correct  tho  measured  lensioiif  of 
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gas  both  for  temperature  and  for  the  tension  of  vapor,  and  to 
reduce  the  measured  columns  of  mercury  to  0®  C.  The  method 
by  which  these  reductions  are  made  will  be  explained  in  the  next 
chapter,  and  examples  illustrating  the  whole  subject  will  be 
found  in  Bunsen's  work  on  Gasometry,  already  noticed,  to  which 
we  must  refer  for  further  details. 

(209.)  Partial  Pressure.  —  If  we  conceive  of  tliree  masses  of 
different  gases,  occupying  the  volumes  t^i,  v,,  Va,  and  each  exerting 
a  pressure  measured  by  H^  and  then  suppose  that  the  diaphragms 
which  separate  tliem  are  removed,  the  three  gases  will  mix  per- 
fectly together,  as  is  well  known,  until  each  is  equally  difiused 
through  the  whole  space  F,  which  equals  Vi  -{-  v^ -{-  v^ ,  and 
the  mixture  will  then  exert  the  same  pressure  as  that  exerted  by 
each  gas  separately,  or  H.  It  is  evident,  then,  from  Mariottc's 
law  (163),  that  each  gas  of  this  mixture  must  exert,  by  itself, 
a  pressure  which  bears  the  same  relation  to  the  whole  pressure 
that  tlio  original  volume  of  this  gas  bears  to  its  expanded  vol- 
umes. It  is  easy,  then,  to  calculate  that  the  pressures  exerted  by 
the  three  gases  of  the  mixture  are  respectively 

— v-?4—  H,         .   ^'       -  H,  and        ,'''  H.    [136.] 

Tliese  pressures  are  called  partial  pressures^  in  distinction  from 
the  total  pressure^  wliich  is  equal  to  the  sum  of  these  partial 
pressures,  or 

If  now  a  volume  of  liquid,  which  we  will  represent  by  Fj ,  is 
exposed  to  this  gaseous  mixture,  it  will  absorb  of  each  gas  a 
quantity  which  is  exactly  j)roportional  to  the  partial  pressure 
which  this  gas  exerts.  In  other  words,  the  law  of  (206)  holds 
true  in  regard  to  each  gas,  and  the  solubility  of  one  gas  is  not 
influenced  by  the  presence  of  the  rest. 

Representing  then  by  c,,  Ca,  and  Ca  the  coefficients  of  absorp- 
tion of  the  three  gases  respectively,  and  assuming  that  tlie  total 
volume  of  the  mixture  is  so  large,  or  so  frequently  renewed,  that 
the  partial  pressures  are  not  altered  by  the  absorption,  we  can 
easily  calculate  that  the  absolute  volume  of  each  gas  in  cubic 
centimetres  absorbed  by  the  given  volume,  Fi,  of  the  Uquid, 
will  be,  respectively, 


oifiwiOAfi  ramoi. 

The  ram  of  theee  qomiititiet,  or  the  total  Toltund  of  ndzed  | 
absorbed,  is 

DiridiDg  each  of  the  quantities  [188]  bj  this  som,  we  ilial 
tain  the  compoeitton  of  the  abecubed  gas,  or,  in  other  wonb 
amount  of  each  gas  compoeing  one  Tolume  of  the  mixed  y 
dissolred.    These  are 


Hi  — 


If  there  were  but  two  gases,  the  Talues  «,,  «„  and  tt  mosl 
dently  be  canoellod  in  all  the  abore  equations ;  and,  on  the  k 
hand,  the  formuko  may  readily  be  extended  to  any  numb 
gases  by  introducing  additional  terms. 

The  solution  of  atmospheric  air  in  water  Aimishes  a  good 
tration  of  the  principles  of  this  section.    Let  it  be  reqni 
dctormino  the  absolute  volumes  of  oxygen  and  nitrogen  al 
by  K,  Tolume  of  water  at  the  tem|ieniture  of  15*.    The 
mixture  of  oxygon  and  nitrogen,  exerting  on  tiic  water  a ' 
pressure,  which  wc  will  assume,  at  the  time  of  tlie  detcm 
is  7(i  c.  m. ;  and  its  mean  composition  in  volume  is 

Oxygen, 0.3i>96 

Nitrogen, 0.79|»4 

l.«1i)00 

Tlie  coefficients  of  aincorptioii  at  lo**  are,  by  TaMf 
oxygen  0.02989,  and  of  iiitru^ren  0.01478.      Tlio  ai 
uines  of  tlie  two  gases  abtforbcd  liy  V^  vulume  of  wate 
of  oxygen, 

0.02989  K,  X  0.209«  =  0.006265  F,  ; 
and  of  nitrogen, 

0.01478  K,  X  0.71>04  =  0,011682  F, 

The  composition  of  the  di&solved  giis  in  one  Vf>I 
by  [140], 
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Oxygen, 0.3491 

Nitrogen, 0.6509         [142.] 

1.0000 

We  can  also,  evidently,  reverse  the  above  calculation,  and  from 
the  composition  of  the  dissolved  gas  calculate  the  composition  of 
the  gaseous  mixture  to  which  the  liquid  has  been  exposed.  Rep- 
resenting the  denominators  of  the  fractions  [140]  by  Ay  we 
easily  obtain  the  values, 

v,  =  ^A,         v,  =  ^il,       and         v»  =  7^,       [148.] 

which  are  the  volumes  of  the  respective  gases  composing  Fcm.' 

of  the  mixture.     Dividing  each  of  these  quantities  by  the  sum 

of  the  whole,  we  obtain  the  composition  of  one  volume  of  the 

mixture.* 

Ml  us 

IT,   =    '^ .  W,  " 


Cl  «  Cl  Cl  Qi    "*"  CJ 

and  ^  [144.] 

ca 

Ml      ,     t«  lit 

Cl  C%  CJ 

From  the  composition  of  the  mixture  of  oxygen  and  nitrogen 
dissolved  in  rain-water,  we  can  easily  calculate,  by  these  formulas, 
the  composition  of  the  air.  Evidently,  when  there  are  only  two 
gases,  the  third  value,  fr,,  and  the  last  term  of  the  denominators 
of  tVi  and  tv^  are  cancelled. 

All  the  above  formula  are  based  upon  the  supposition,  that  the 
volume  of  the  gaseous  mixture  is  so  large  that  the  partial  pres- 
sures of  its  constituent  gases  are  not  essentially  changed  by 
the  absorption.  This  is  true  in  regard  to  the  atmosphere,  as 
already  stated;  but  when  we  experiment  upon  a  very  limited 
volume  of  a  gaseous  mixture,  as  in  the  absorption-tube  of  appa- 
ratus (Fig.  335),  such  an  assumption  is  far  from  being  correct, 
and  we  must  then  pay  regard  to  the  change  of  composition  and 
of  pressure  in  the  gaseous  mixture.  In  order  to  make  the  case 
as  simple  as  possible,  let  us  take  a  mixture  of  only  two  gases,  and 
consider  the  changes  it  will  undergo  by  absorption  if  in  contact 

*  It  will  afford  the  student  assistance,  in  following  out  the  course  of  reasoning  in  this 
section,  to  remember  that,  in  the  notation  adopted,  »i  -h  w  -h  w  =  VZln'  of  the  mixed 
gases  before  solution,  ui  -|-  us  -|-  us  =  1  e.m.'  of  the  mixed  gases  in  solution,  and 
«1  -f-  K^  -}-  iri  s  1  c^ni.'  of  the  mixed  gases  before  solution. 
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with  a  volume  of  liquid,  adopting  for  tho  purpose  the  followiog 
notation,  and  assuming  that  tho  volumes  of  all  the  gases  entering 
into  tho  calculation  are  measured  at  0*. 

• 

y      =  volume  of  mixed  gases  before  absorption,  meftnirrd  at  {htv 

sure  /f, 
V*     =  volume  of  mixed  gases  after  absorption,  measured  at  preMnre  H', 
K|      =  volume  of  absorbing  liquid. 
Ti,  r,  ^  volumes  respectively  of  the  two  gases  in  the  unit  vohune  of  tW 

mixed  gaites  before  absorption,  so  that  r,  -f-  (*t  =  1  cm.'. 
«!,  ti«  =  volumes  respectively  of  the  two  gases  in  the  unit  volum«*  of  tbr 
mixed  gases  remaining  unabsorlied,  so  that  ti|  -I-  «,  =  1  c.  m.^ 
fi,  r«  =  coefficients  of  absoqition  of  the  two  gases  respectively. 

It  is  now  evident  that  the  volume  V  of  the  mixed  gases  coo- 
tains  t*!  rcTm'  of  the  first  gas  measured  under  the  pres^sure  H. 
Under  a  pressure  of  76  c.  m.   this  same  volume  would  measure, 

IT 

by    [98],    r,  V  „    cTnL*     By  the  absorption,  this  quamlit^  ijt  gu 

is  divided  into  two  {Mirts :  first,  a  quantiiy^Xx ,  which  remains  mi* 
dissolved  ;  second,  a  quantity,  z,,  which  dissolves  in  the  liquid ; 

so  that  we  have  x,  -f  ^i  =  t*,  V  ^    .     Tlie  value  of  r,  may  now 

readily  1h)  determined  by  the  laws  of  absorption,  since  we  know 
the  cocflicicnt  of  a)>sorption  C|,  and  can  ea.'^ily  calculate  the  par- 
tial pn*ssuro  which  the  pis  exerts  on  the  li(|uid  after  the  ali8«>rp- 
tion.     Tiie  quantity  x^  of  gas,  if  measured  at  the   prt*S5*ure  //, 

would  e<|ual  ar,  -..,  ;  and  since  the  whole  volume  of  niixe«i  gx^-s 
remaining  unabsorlMMl,  or  T',  exerts  a  pressure  //  ,  tht»  iKirtiAl 

pressure  of  the  iM)rtion  of  this  volume  x,  ...  must  l»o  -.  T»'. 
At  liie  pn»ssuro  «f  7»»  c.  m.,  wo  know  that  \\  o.  m.'  of  li«juid  ab- 
sorbs   r,  r,  o.in.'    of    the    gas.       Hence,   under    the    p^»^su^e  of 

.,'  TO  c.  m.,  the  Muno  volunftj  of  litjuid  will  alworh    '     '       cm.' 

of  g:is.  Tliis  is  the  value  of  x^ ;  and  substituting  it  above, 
we  obtain 

I    ''i  'i  •''i  I'  /^  r,  V  H 

^'    ■         I'  '•         TO  ' 


By  a  similar  course  of  reasoning,  we  should  obtain,  for  tlie  vol- 
ume of  the  second  gas  remaining  unabsoriied,  the  value 
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Vx  — 


76 


(■ + ^)' 


If,  for  the  sake  of  abbreviation,  we  put  A^=sVx  V  H  and  A^  = 
r,  VH,  also  -B.  =  (l  +  "li^J)   and  B,  =  {\  +  ^V^'),  wo  shall 

have  Xi  =  ^^-^  and  yi  =  ^g-V  *"^d  from  these  we  can  easily 

calculate  the  composition  of  the  unit  of  volume  of  the  uuab- 
sorbed  gas,  which  we  shall  find  to  be 


Wi  = 


_^ -^i  ^«  ^ 


Xv+Vi       AB^  +  A^B,' 


and  .  n  [146.] 

.,  _      Vx A  Bx "■       ■■ 

(210.)  Analysis  of  a  Mixture  of  two  Gases  by  the  Absorption 
Meter.  —  It  is  evident,  from  the  computations  of  the  last  section, 
that  we  can  even  determine  the  imknown  composition  of  a  gase- 
ous mixture  from  the  change  of  volume  it  undergoes  by  absorp- 
tion in  a  known  volume  of  liquid.  This  leads  us  to  a  metliod  of 
gas  analysis,  which,  under  certain  circumstances,  admits  of  great 
accuracy,  and  enables  us  to  solve  problems  which  cannot  be  re- 
solved by  the  ordinary  methods  of  chemical  investigation.  Let 
us  suppose,  then,  that  we  have  given  the  following  data,  all 
reduced  to  0®  C,  as  before. 

V     =  the  original  volume  of  the  gaseous  mixture,  measured  under  the 

pressure  IL 
V'    =  the  volume  of  the  mixture  after  absorption,  measured  under  the 

pressure  ff'. 
Vi      =  the  volume  of  absorbing  liquid. 

Ci,  Ci  =  the  coefficients  of  absorption  of  the   two  gases   composing  the 

mixture. 

It  is  required,  from  these  data,  to  determine  the  relative  pro- 
portions of  the  two  gases  in  the  original  mixture.  Let  us  repre- 
sent, then,  by  the  unknown  quantities  x  and  y  the  volumes  of 
the  two  constituent  gases  measured  under  the  pressure  1 ;  by  a:' 
and  y\  the  volumes  of  these  gases  after  absorption  measured 
under  the  same  pressure. 

It  follows  directly  from  the  law  of  Mariotte,  that  the  volume 

xfy  if  measured  under  the  pressure  H',  would  be  -jj, ;  and  since 

85 
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this  TolumOy  after  tho  absorption,  is  expanded  through  the  whole 
▼olumo  V'j  it  b  evident  tliat  the  partial  pressure  it  then  exerts  oo 

the  absorbing  liquid  is  as  much  less  ttian  J?'  as  ^,  is  less  than 

V'j  and  must  therefore  be  equal  to  j.,.     Tlie  volumo  of  Um 

first  gas  whicli  would  bo  absorbed  by  F,  c.lu.'  of  liquid  under 
tho  pressure  of  76  c.  m.  and  at  0**  (when  measured  mt  0*  and 
76  c.  m.)  is  r,  K|.     As  after  tlie  absorption  the  pressure  exerted 

'by  tho  first  gas  on  the  li<iuid  is  yr, ,  the  volume  which  is  actu- 
ally absorbed  (measured   at  0^   and  76  c.  m.)  is,  by  [132]. 

l-.-'i't'  *     ^^  ^^^  volume  is  measured  under  the  pressure  1  c.  m., 
it  will  bccomo  c,  K,  y^.    Hence  we  have 

C,  F|  -.r^  =  Mtf  volume  offirU  yeu  ab§orbed  meaturtd  under  tMe  ^I'lswri  1. 

IlencCy  also, 

x=x'  +  c,K.;;,=x'(l+\!jy  or  ^'=  .  -'.rv-  [14T.1 


From  this  value  of  xf  we  cuu  easily  calculate  tho  partial 
Buro  whicli  the  unabsor)>cd  {lortion  of  the  first  gas  exerts  mi  ilf-"^ 
absorbing  liquid.  If  measured  under  the  pressure  2/\  tho  v.-i- — 
ume  [147]  becomes 


"■('+';'V 


and   tlie  partial  prcssun}  it  exerts  is  as  much  less  than  //   x? 
this  vtjlunie  i'<  less  than  V\     A  simple  pnqwrtion   give's  u*.  f  : 

the  value  of  this  pn»ssuro,     ...        ...      In  like  manner,  r-v 

pn»eis<'ly  "similar  eour>e  of  reasoning:,  we  ^hall  obtain*  for  tli»»  \*xt - 
tial  prenMire  rxorted  by  the  unab>urlNMl  |M>rtinn  of  the  stvoii'l  ^r-i-- 

;^      ,,  .     Nmw,  hineo  it  is  these  two  p^e^^u^es  which  make  u: 
the  ol»srrvril  iot:il  pn's^ure  //',  we  liave 

Ki'turniiitr  now  to  tlie  condition  of  the  gas  tieforc  absorpci«>n. 
it  iM  evident  that  the  volume  of  tlio  first  gas,  wliich  memsunai  i 
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under  tho  pressure  1,  would  measure  -^  under  the  pressure 
Hence  the  partial  pressure  which  this  gas  exerted  before  the 
absorption  was  as  much  less  than  H  as  the  volume  j^  is  less  than 
Vj  and  must  therefore  have  been  p .  In  like  manner,  we  find 
that  the  partial  pressure  exerted  by  the  second  gas  was  -y- ;  so 
that  we  also  have 

^=f+f-  [149.] 

It  will  be  noticed  that  equation  [149]  may  be  derived  directly 
from  [148],  by  making  Ci  and  c,  equal  to  zero,  which  would  be 
the  case  where  there  was  no  absorption.  These  equations  may 
also  be  written  in  the  forms 


1  = 


{v-  +  c,  V,)  H'  +   (F'  +  c,rO^'' 


1  =  — -  4-     y 

^   V  IT     \ 


Ylf^  Vlt' 
If  for  the  sake  of  abbreviation  we  put 

A  =  (P  +  c.  Fi)  ^', 
B  =  (F  +  c,  Fi)  H', 

the  equations  become 

By  combining  the  two,  we  easily  obtain 

X   _   W—B     A^ 
y   ~  A—  W  •  B' 

or,  calculating  the  percentage  composition. 


[150.] 


^      -  W-B     A  ,     _y A-W     B 

F+^  —  J  — i^  -"T'    ^°**    x+y  —  Z^B'^-       l-i&i-J 

As  an  example  of  this  method  of  analysis,  we  will  take  the 
data  obtained  in  an  experiment  with  the  absorption-meter  on  a 
mixture  of  carbonic  acid  gas  and  hydrogen,  as  given  by  Bunsen. 
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Gas  before  abaorpdon. 
Gas  af\er  absorptioiiy 

Volume  of  water, 


VolOM. 

180.94 
122.01 


&3M 
68.09 


Mean, 


5.5 

85€.7 
356.1 

356^4 


171.i9 
119.61 


Ucnce  we  obtain 

N  = 
//'  = 

^1  = 
ri  = 

A  z 


53.6800, 

68.0900, 

1.4199, 

0.0193, 

42591.3250, 


V  = 
V'  = 

r.  = 

w 

n 


171.290, 

119.610, 

=    356.4<N>, 

=  9194Ji47, 
=  8612.568. 


And  by  substituting  these  values  in  [151] ,  wo  get  the  fonoving 
percentage  composition :  — 

Hydrogen, 0.9206 

Carbonic  Acid,  ....        0.0794 

1.0000 

vAnd  it  will  be  noticed  how  closely  these  results  agree  with  those 
obtained  by  chemical  analysis  with  the  eudiometer,  which  are 
given  at  the  side  for  com{>arison. 

By  substituting  the  numerical  values  in  [146],  it  will  lie  found 
that  the  [lercentage  composition  of  the  gas  remaining  uuab- 
sorbed  is, 


Hydrogen, 
Carbonic  acid« 


0.9H29 

O.0171 

l.tH)00 

Tlie  same  method  of  gas  analysis  may  Ik?  extended  to  mixtum 
of  three  or  more  gaMJs  ;  but  when  the  numlier  of  gaM»i  exceeds 
two,  tlie  formula}  l>ecome  (juite  complex,  and  the  results  less 
accurate. 

Gases  on  (iases, 

(211.)  Effusiim.  —  It  liHs  l)oon  found  by  Profesisor  Graham/ 
that  the  vehxrities  with  wliitrli  different  ga.«*4*s,  when  under  pres^unp% 
flow  through  a  minute  a[KTture  in  a  metallic  plate,  are  closely 


•  rhiloioiiliiaU  TrmnMrtkmt,  1S44,  p.  S74. 
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related  to  their  specific  gravities ;  and  to  these  phenomena  has  been 
given  the  name  of  effusion.  In  his  experiments,  the  gases  were 
made  to  flow  through  an  aperture  in  a  very  thin  metallic  plate, 
not  more  than  one  three-hundredth  of  an  inch  in  diameter,  into 
a  bell-glass  on  the  plate  of  an  air-pump,  which  was  kept  vacuous 
by  continued  exhaustion.  The  velocity  of  the  flow  was  found 
to  increase  with  the  degree  of  exhaustion,  (that  is,  with  the  pres- 
sure,) until  it  amounted  to  about  one  third  of  an  atmosphere ; 
but  higher  degrees  of  exhaustion  were  not  found  to  produce  a 
corresponding  increase  of  velocity ;  and  when  the  vacuum  was 
nearly  perfect,  a  difference  of  one  inch  in  the  lieight  of  the  mer- 
cury column  of  the  pump-gauge  scarcely  affected  the  rate  at 
which  the  gas  entered  the  bell.  Through  an  aperture  in  a  thin 
plate,  such  as  described,  sixty  cubic  inches  of  dry  air  were  found 
to  enter  the  vacuous  or  nearly  vacuous  receiver  in  one  thousand 
seconds,  and  in  successive  experiments  the  time  of  passage  did 
not  vary  more  than  one  or  two  seconds.  The  times  required  for 
equal  volumes  of  different  gases  to  flow  through  this  aperture 
were  found  to  be  very  nearly  proportional  to  the  square  roots  of 
their  specific  gravities.  Thus,  the  time  required  for  sixty  cubic 
inches  of  oxygen  to  flow  through  the  aperture  was  observed  to  be 
1,051.9, 1,051.9,  1,050.6,  1,050.2  seconds,  in  four  different  ex- 
periments. The  mean  of  these  numbers  is  1,051.1,  which  bears 
almost  precisely  the  same  relation  to  1,000,  the  time  occupied 
by  the  same  volume  of  air,  as  1.0515,  the  square  root  of  the  spe- 
cific gravity  of  oxygen,  bears  to  1,  the  square  root  of  the  specific 
gravity  of  air. 

Since  the  times  occupied  by  equal  volumes  of  different  gases 
in  flowing  through  a  fine  aperture  are  proportional  to  the  square 
roots  of  their  specific  gravities,  it  follows  that  the  velocity  of 
the  flow  must  be  inversely  proportional  to  the  square  roots  of  tlie 
specific  gravities,  or  directly  proportional  to  the  reciprocals  of 
these  quantities.  Representing,  then,  by  T  and  T',  the  number 
of  seconds  required  by  equal  volumes  of  two  gases  in  flowing 
into  a  vacuum,  we  have 

T  :  T'  =^  ^{Sp,  Gr.)  :  a/JsjTG^'.  [152.] 

Also  representing  by  t)  and  t)'  the  velocity  of  the  flow,  (that  is, 
the  volume  of  gas  entering  the  vacuum  in  one  second,)  we  have, 
since   T :  T'  =  t)' :  b, 

86  • 
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If  wo  assume  that  the  velocity  of  air  is  uiiitj,  it  followi  from 
[153],  that  the  velocity  of  any  other  gas,  as  compared  with  air, 
must  bo  the  reciprocal  of  the  square  root  of  ils  specific  grmvitj, 
if  the  principle  just  enunciated  is  correct.  That  this  is  n-allr 
the  case  is  shown  by  the  following  table,  taken  from  Milkr*§ 
Chemical  Physics.  In  the  last  column  of  this  table,  headed 
^*  Rate  of  Effusion,*'  the  velocities  of  different  gases  coro|«nd 
with  air  as  unity  are  given,  as  deduced  from  the  experiments  of 
Professor  Graham  ;  and  it  will  1k)  noticed  that  they  very  clo^Ir 
coincide  with  the  reciprocals  of  the  square  roots  of  the  specific 
gravities  given  in  the  fourth  column.  The  coincidence  is  almoft 
absolute  in  the  case  of  those  gases  whose  specific  gravities  rarr 
but  slightly  from  tliat  of  the  air.  With  very  light  or  Terr  heavy 
gases  tlio  deviation  is  much  greater  ;  but  this  can  be  shown 
to  be  occasioned  by  the  tubularity  of  the  aperture,  arising  from 
the  unavoidable  thickness  of  the  metallic  plate. 

Efftmon  of  Gau$. 


Om. 

Sp.Or. 

^i»p.  Qr. 

1 
S.7S94 

Km*  if 

Hvilrojffn, 

0.0S*»26 

0.2t»33 

3.*«.100 

S.6I30 

Mar^h  (t«A, 

0.55900 

0.7176 

1.ST75 

13140 

I.3}i0 

Sti'Afn.    .... 

0.62350 

0.7'*9S 

1.2664 

CaHioiiit*  Oxiilo, 

0.967H0 

0.9M37 

1.0165 

1.0U4 

1.0121 

Nitnijn'n, 

0.97  l:tO 

O-S-i-VU 

I.0U7 

I.0I4S 

1.0144 

■  nii-riant  (tit4, 

0.97M)0 

0.9'<"«9 

1.0113 

1.0191 

I.0I2» 

Rinoxidi-  of  Ni!n»^'rn,    . 

1.03900 

1.0196 

OS^OU 

OxTjfrn, 

].]05bO 

1.0515 

0.9510 

0.94*7 

O.fVirt 

Kulphurrttf^l    IIv«ln»'^n. 

1.19120 

1.0914 

0.9162 

0.9500 

I*n>t4>xitlc  c»f  Nitn>pii, 

1.52700 

1.2^57 

0.HO92 

0.H'J<I0 

0>»4> 

CArVyiiic  Ariil, 

1.52901 

1.23K5 

0-OS7 

0.?*I20 

0.*ilO 

Salphamu*  A*  id, 

2.21700 

I.I99I 

0.6671 

0.6«<W 

(21  i)  Application  of  (hr  Lntr  of  Kffusion,  —  The  law  of  effu- 
sion, whioli  wan  vrrifiiMl  e.x{>«*rinirn tally  by  (traham  in  tho  ca*** 
of  ga!M»H,  is  true  gomTally  of  tlio  flow  of  all  fluids  iind^r  pp^ 
8ur«\  throu^'b  an  afNTtun*  in  a  vitv  thin  plate.  It  has  U-^n 
applied  by   Buiimmi*   in   a  i»r.MV>s  of  d>*tomiining  the  s{iecific 


*  Daiifcn'i  Gftftomrtrr,  p.  ISl. 
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gravitj  of  gases,  which  is  exceedingly  simple,  and  of  especial  value 
where  only  a  small  quantity  of  the  gas  can  be  obtained.  The 
process  consists  in  observing  carefully  the  times  required  by  the 
same  volumes  of  any  given  gas  and  air  in  flowing  through  a  fine 
aperture  in  a  tliin  plate  when  under  the  same  pressure.  Repre- 
senting these  times  by  T  and  T',  we  have,  from  [152], 

since  air  is  the  standard  of  specific  gravity,  (^Sp.  Or.y  =  1 ;  and 
we  easily  obtain 


Tlie  apparatus  used  by  Bunsen  in  these  deter- 
minations is  represented  in  Fig.  336.  It  consists 
of  a  glass  bell,  a  a,  holding  about  seventy  cubic  cen- 
timetres, and  closed  above  by  the  glass  stopcock  c. 
To  tlie  neck  of  the  bell,  at  d^  there  is  adjusted,  by 
grinding  with  emery,  the  short  tube  6,  and  to  the 
top  of  this  tube  there  is  cemented  a  small  piece  of 
platinum-foil,  in  which  a  very  fine  hole  has  been 
perforated.  In  order  that  the  plate  should  be  as 
thin,  and  the  hole  as  fine,  as  possible,  the  platinum- 
foil  is  first  pierced  with  a  very  fine  cambric  needle, 
and  then  hammered  out  witli  a  polished  hammer 
on  a  polished  anvil,  until  the  hole  is  no  longer 
perceptible  to  the  naked  eye,  and  can  only  be  seen 
when  the  plate  is  held  between  the  eye  and  a 
bright  light.  The  edges  of  the  plate  are  next  cut 
away,  so  as  to  leave  a  small  round  disk,  having 
the  hole  in  its  centre.  The  diameter  of  this  disk 
should  be  a  little  less  than  that  of  the  top  of  the 
tube,  to  which  it  can  easily  be  cemented  with  a 
blowpipe.  Witliin  the  bell,  when  in  use,  is  placed 
the  glass  float,  b  6,  made  of  thin  glass,  in  order 
that  it  may  be  as  light  as  possible.  At  the  top  of 
this  float  there  is  a  small  knob  of  black  glass,  j3, 
surmounted  by  a  thread  of  white  glass ;  and  at 
the  points  j3i  and  jSt  two  black  glass  threads  are 
melted  around  the  stem  of  the  float,  which  serve 
as  index-marks. 


[154.] 


Fig.  830. 
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In  using  this  instrument,  the  glass  bell,  filled  with  the  gm 
whose  specific  gravitj  is  to  bo  determined,  is  depressed  in  a 
mercury  trough   until   tlie  index-mark  /^  on  its  side,  is  on  a 
level  with  the  surface  of  the  niercurv.     This  index-mark  is  «o 
placed    that^  when   the  l)ell,  proviously  filled  with  gas,  is  d«^ 
pressed  as  just  descril>ed,  the  float  will  be  l)elow  the  ^urface  uf 
the  mercury  in  the  trough.     The  IkjU  is  now  fahtened  securely  iz 
this  position,  and  the  telescope  of  a  cathetometer  m)  adjusted  that 
its  axis  shall  graze  the  surface  of  the  mercury  in  the  trough*  oik 
side  of  which,  being  made  of  glass,  enables  tlie  obserrer,  looking 
tlirough  tlie  telescoi)e,  to  see  the  bell  distinctly.     The  apparatus 
being  tlms  arranged,  the  observer  o[)ens  the  stopcock  r,  and  tbea 
closely  watches  the  tul)e  tlirough  the  telescope.    After  some  tim«, 
the  white  thread  of  the  float  rises  into  the  field,  and  fuivwanis 
the  observer  that  the  black  knob  will  soon  appear.     Tlie  monmit 
this  is  seen,  he  commences  his  ol>ser\'ation,  and  notes  the  exarl 
number  of  seconds  before  the  index-mark  ^^  a{>pear8  in  tlie  fi^M 
of  his  telcsco[»e,  of  the  approach  of  which  he  is  forewarned  bf 
previously  seeing  the  mark  j3,. 

From  the  construction  of  the  inftrument,  it  is  evident  that  the 
time  thus  observed  is  the  time  recjuired  for  the  flow,  through  the 
fine  hole  in  the  plate  f,  of  a  given  volume  of  gas,  und^r  a  givtrs. 
although  varying,  pressure  ;  and,  moreover,  that  this  vulume  and 
pressure  must  l)e  the  same  in  all  cx{M»rinients  with  the  *aiDe 
instrument.  Hence  the  s<iuare8  of  the  times,  in  the  case  t»f  Uif- 
ferent  gases,  niu>t  Ik3  pro|K)rti(>nul  to  their  s|HH'ifie  prnviiics  ;  *) 
that,  having  once  for  all  determined  the  time  n*«|nin*d  by  air,  w« 
can  easily,  by  nutans  of  [1 '>-!],  calculate  the  siK?cilic  gravity  of 
any  given  gas  from  a  single  obser^'ation  of  the  time  of  its  efliiMoa. 
It  is  always  best,  however,  to  repeat  the  ob^ervation  several  iim<», 
and  takf*  the  mean  of  tlie  results. 

The  following  tal»le  will  give  an  idea  of  the  degree  of  accuracr 
which  can  l>e  attained  by  this  pnK:rss.  Column  I.  gives  the 
mean  *»pMMfic  gravities  calculated  from  several  efliision  experi- 
ments on  each  gas,  and  Column  II.  the  sftecific  gravities  of  Um 
same  gaM»H  calculated  from  their  chemical  equivalents. 

Tilt*  nL^nvuKMit  lirtwe<»n  the  calculated  and  the  obwrred  re- 
sult.H  is  vnry  satisfactory  ;  m>  that,  although  this  process  is  not 
companibh*  in  accuracy  with  the  dir«H.*t  methtMl  of  dotorminiftf 
s{)ecific  gravities  hereafter  to  be  described,  it  is  nevertlielMSt  oa 
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account  of  its  great  simplicity,  recommended  by  Bunsen  for  use 
in  the  arts  when  only  approximate  results  are  required. 


OtMM. 

L 

n. 

Dilbireiiccs. 

Air, 

Carbonic  Add,    .... 

1  TOl.  C  0  +  1  TOl.  C  Os,        . 

Oxygen, 

1  vol.  0  +  2  voL  H,      . 
Iljdrogcn, 

1.000 
1.585 
1.203 
1.118 
0.414 
0.079 

1.000 
1.520 
1.244 
1.106 
0.415 
0.069 

+0.015 
—0.041 
+0.012 
—0.001 
+0.010 

(218.)  Transpiration.  —  The  flow  of  gases  under  pressure 
through  long  capillary  tubes  presents  a  class  of  phenomena  en- 
tirely different  from  those  of  effusion,  and  has  been  termed  by 
Graham  Transpiration,  With  a  tube  of  a  given  diameter,  Gra- 
ham found  that  the  shorter  the  tube,  the  more  nearly  the  rate  of 
transpiration  approximates  to  the  rate  of  effusion  ;  while,  on  the 
other  han4,  as  the  tube  was  lengthened,  ho  observed  a  deviation 
from  the  effusion  rate,  which  was  very  rapid  with  the  first  increase 
of  length,  but  became  gradually  less,  and  reached  a  maximum 
when  a  certain  length  had  been  attained.  It  was  therefore  neces- 
sary, in  order  to  eliminate  tlie  effects  of  effusion  from  experiments 
on  transpiration,  to  employ  a  considerable  length  of  tube ;  and 
when  this  precaution  was  observed,  uniform  results  were  obtained. 
The  length  required  in  any  case  was  found  to  vary  with  the 
diameter  of  the  tube,  and  also,  to  a  certain  extent,  with  the  na- 
ture of  the  gas.  The  most  important  conclusions  which  have 
been  deduced  from  the  researches  hitherto  made  on  transpira- 
tion are  as  follows :  — 

First.  The  velocity  of  transpiration  of  a  given  gas  through  a 
given  capillary  tube  increases  directly  with  the  pressure.  For 
example,  a  litre  of  air  of  double  the  density  of  the  atmosphere, 
and  therefore  exerting  twice  the  pressure,  will  pass  through  a 
capillary  tube  into  a  vacuum  in  one  half  of  the  time  required  by 
the  same  volume  of  air  of  its  natural  density.  This  is  a  very 
remarkable  fact,  and  it  shows  that  the  process  of  transpiration 
differs  very  greatly  in  character  from  effusion. 

Secondly.  With  tubes  of  the  same  diameter,  the  velocity  of 
transpiration  of  a  given  gas  is  inversely  as  the  length  of  the 
tube.  For  example,  if  one  hundred  cubic  centimetres  of  air  will 
pass  through  a  capillary  tube  two  metres  long  in  ten  minutes,  a 
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tube  of  the  same  diameter  four  metres  long  wonld  allov  the 
passage  of  only  fifty  cubic  centimetres  in  the  same  time. 

Thirdly.  The  velocity  of  transpiration  of  equal  Tolumet,  emiertM 
paribus^  diminishes  as  the  temperature  rises. 

FourtlUy.  The  velocity  of  trans{)iration  was  found  to  he  the 
samCf  whether  the  tu))es  were  of  copper  or  of  glass,  or  eveo  when 
a  porous  mass  of  stucco  was  used. 

Fiflhly.  The  velocity  of  transpiration  varies  with  dillemit 
gases,  and  appears  to  be  a  constitutional  pro|)erty  of  an  aerilonn 
su))6tance,  like  the  density  or  the  specific  heat,  not  depeuding,  a* 
is  the  case  with  effusion,  on  the  specific  gravity. 

Of  all  gases  which  have  been  tried,  oxygen  has  the  slowest  rmteof 
transpiration  ;  and  hence  it  may  be  conveniently  taken  as  m  stand- 
ard of  comi>ari8on  for  the  other  gases.  In  the  first  column  of  the 
following  table,  the  times  of  transpiration  of  equal  volumes  of  the 
best-known  gases  are  given,  as  compared  with  that  of  oxygen : 
and  in  the  second  column,  the  corresponding  velocities  of  tram- 
piration,  which  are  the  reciprocals  of  the  first  quantities.  In  tmA 
case  the  gas  was  transpired  through  the  same  tube,  and  under 
precisely  the  same  circumstances  of  temperature  and  presaore. 

TrampirabiUty  of  Gases, 


Omw. 

Thmm  fer 
TrMi«pif»tlna  oC 

Vilf  Ui  tt 

Owifrn, 

1.0000 

IjOOOO 

Air". 

0.9030 

1.1071 

^  Niln>p'n 

0.876<4 

1.1410 

-  BiiinxiiU'  <»f  Nitn>j:vn, 

0.*«764 

1.1110 

(  ('ttri*t>ni«'  Oxi<i«\     .... 

0.8787 

1.1140 

(  Pn»to\i«li'  <»f  Nitroj^wi, 

0.7  ISS 

i.nio 

".  IhilnM'hlorif  Ainii, 

•     1           0.7S63 

1.1610 

(  ('*rlM»nic  AckI,   .... 

0.7S00 

rscM 

('hl«»rin<» 

0.6MI 

1.5000 

Stiiphurua«  Ariil 

0.6300 

l-SS^ 

Siilphurrttrd  Hyiln>,rrt», 

0.6195 

1^1 10 

Liirht  ('•rharcttrii  lI\ilro;:m, 

1           0.5510 

K«iao 

Ammfinta,           .... 

0.5115 

13150 

('vamnfin.      ..... 

O.'iOtiO 

1.9760 

(MrBftnt  (fM 

0.5051 

I.9AO0 

HHn>j.t»n 

0.IS70 

rv^ 

Some  ViTV  simple  relations  in  the  tran^spi nihility  of  diflerefit 
ga!(cs  may  \k  discovered  by  examining  the  above  table.    ThoSi 
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equal  weights  of  oxygen,  nitrogen,  air,  and  carbonic  oxide  are 
transpired  in  equal  times  ;  the  velocities  of  nitrogen,  binoxide  of 
nitrogen,  and  carbonic  oxide,  are  equal ;  the  velocity  of  hydro- 
gen is  double  that  of  the  tliree  just  mentioned ;  the  velocities 
of  chlorine  and  of  oxygen  are  as  three  to  two.  Many  other 
similar  cases  might  be  cited ;  but  these  relations  seem  to  be 
merely  accidental,  and  have  not  as  yet  been  connected  with  the 
other  properties  of  the  substances.  "  Professor  Graham  consid- 
ers, at  present,  that  it  is  most  probable  that  the  rate  of  transpi- 
ration is  the  resultant  of  a  kind  of  elasticity  depending  upon  the 
absolute  quantity  of  heat,  latent  as  well  as  sensible,  which  differ- 
ent gases  contain  under  the  same  volume,  and  therefore  that  it 
will  be  found  to  be  connected  more  immediately  with  the  specific 
heat  than  with  any  other  property  of  gases."* 

Lastly.  The  velocity  of  transpiration  of  a  mixture  of  equal 
volumes  of  two  gases  is  not  always  the  mean  of  the  velocities  of 
the  two  gases  when  separate.  For  example,  the  velocity  of  a 
mixture  of  equal  volumes  of  oxygen  and  hydrogen  is  1.110,  in- 
stead of  1.883,  which  would  be  the  mean  velocity  of  the  two 
gases. 

(214.)  Diffvsion.  — The  tendency  of  gases  to  mix  with  each 
other  is  so  strong,  that  it  will  overcome  the 
greatest  differences  of  specific  gravity;  and, 
contrary  to  what  a  sujjerficial  consideration 
would  lead  us  to  expect,  the  more  widely 
two  gases  differ  in  specific  gravity,  the  more 
rapid  is  the  process  of  intermixture.  This 
process  is  termed  diffusion^  and  may  be 
illustrated  by  means  of  the  apparatus  rep- 
resented in  Fig.  337,  consisting  simply  of 
two  bottles,  A  and  H^  connected  together 
by  a  long  glass  tube.  If  we  fill  the  upper 
bottle  with  hydrogen  and  the  lower  bottle 
with  chlorine,  we  shall  find,  in  the  course 
of  a  few  hours,  that  the  two  gases  have  l)een 
perfectly  mixed  together,  although  the  ra- 
tio of  their  specific  gravities  is  three  times 
as  great  as  the  ratio  of  the  specific  grav- 
ity of   mercury   to  that  of   water.     The  ng.837. 


4 
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chlorine,  althoufih  Uiirty-oix  times  hesricr  than  hjdmfen,  «3I 
bo  fount]  to  have  made  ita  waj  into  tho  upper  bottle,  mm  vmj 
be  seen  by  ita  grcon  color,  while  tho  hrdn^n  will  hare  pmmti 
downwanls  uilo  the  lower  one ;  and  when  once  mixed,  the  tw» 
gosos  will  nerer  separate,  however  long  they  may  mnaio  at 
rest. 

What  has  l>c«n  shown  to  be  true  of  hydro^n  and  chlorliK  is 
equally  tnie  of  all  other  (rases  and  vapors,  which  do  not  act  dmih 
ically  (HI  each  other.  The  only  diffurcncca  observed  with  difl^' 
ent  Kulistanccs  are  tlio  times  required  to  effect  a  perfect  mixture: 
but  when  once  made,  this  mixture,  in  all  cases,  continues  ani- 
forin  and  permanent.  This  subject  may  be  Mill  further  iUit»- 
trattiil  by  filling  two  tall,  narrow  glass  bells  of  equal  diamelvn 
over  a  pneumatic  tnnigli,  tlie  one  lialf  full  of  hydrogen,  and  the 
other  half  full  of  air,  so  that  the  water  Khali  stand  at  tlie  nny> 
level  ju  butli.  If,  now,  we  para  up  a  few  drops  of  ether  into  each 
jar,  liic  xuinc  quantity  of  ether  will  eva[toratc  in  both,  and  cause. 
ultiniat(.'ly,  the  t^anie  de|irciwiun  of  the  water-level;  but  the  cx> 
parisioii  of  tlio  hydrogen  will  take  place  much  tltc  anooMt. 
Itccuu^.  living  fourteen  and  a  half  times  lighter  tlian  air.  the 
heavy  clhcr  vajMir  will  mix  with  it  more  rapidly. 

llio  law  which  guvvriis  the  rapidity  of  gnn-ous  diffunion  was 
discuVLTt'd  liy  (iniliuin.  by  moans  of  the  upitiinitmi  n-prvw>nt>:^l 
in  Fie.  :t:(K,  and  cali.tl  by  biin 
a  diffusiim  tul>f.  h  oiii.i,ta  ,4 
a  plass  tulio  ibiny  nr  f"rty  o-n- 
tiini'tn's    in    b'li'jth,  mi-'  i-nd  <»f 

I    , '  ]     Hnll  I'l^'-"''''  "*"  •*''"•'.  ubi.-h  >b...iid 

Ih!  as  thin  a-s  is  i->>n>i>[<-iii  wit!'. 

^tn-iiL'th.     Tills  tul--  «TV.-*  a-  I 

■••  II   for  holding  tbo  gao    und--r 

ox|H>rimont  over  the  wat<>r  ont- 

luiiK'd   in   a  tall  glani  i;ir:  and 

it  may   In>  ou>ily  lilKil  »itlM>nl 

w-'llini;   tb'i   jwrous  diiqitinunn. 

Ky  nii';un  of  a  plow  M]i|ioii-tuU>, 

a<i  r<-pn-M>nti-<l  in  thi'  fnrup'.     Wliil<-  filliiiL'  iho  lubo,  ibo  top  i* 

i-hiM-l  by  ni-iiiis  ofii  Kb»"  plat.*,  wlil'b  biix  pn-vi.iui.ly  lw,>n  nro- 

fully  ground  with  emery  on  to  tbo  upjwr  edge  a\>ovi!  th«  pUitcr 
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diaphragm.  Tho  tube^  when  filled  with .  gas,,  should  be  so  sup- 
ported that  the  water  may  be  on  the  same  level  within  and 
without  the  tube.  If  then  the  glass  covering-plate  is  removed, 
the  gas  will  be  found  to  mix  with  the  air  through  the  thin 
{daster* diaphragm,  the  gas  passing  out  into  the  atmosphere,  and 
the  air,  on  the  other  hand,  entering  the  tube.  The  relative  ve- 
locity of  the  two  currents  will  be  found  to  depend  on  the  relative 
density  of  the  gas  as  compared  with  air.  If  the  gas  is  lighter 
than  air,  the  outer  current  will  be  the  most  rapid,  and  the  water 
column  will  rise  in  the  tube  to  supply  the  vacuum  thus  formed  ; 
while,  on  the  other  hand,  if  the  gas  is  heavier  than  air,  the 
inward  current  will  be  the  most  rapid,  and  the  water  column  will 
be  depressed.  If  the  gas  is  hydrogen,  which  is  fourteen  and  a 
half  times  lighter  than  air,  the  outer  current  will  be  so  much  the 
most  rapid,  that  in  the  course  of  a  few  minutes  the  water  column, 
under  favorable  circumstances,  will  rise  to  over  one  half  tlie 
height  of  the  tube.  In  all  cases,  after  a  certain  time,  varying 
with  the  specific  gravity  of  the  gas  and  the  thickness  of  the  dia- 
phragm, the  gas  in  the  tube  will  have  been  replaced  entirely  by 
a  volume  of  air,  which  will  be  greater  or  less  than  the  original 
volume  of  gas,  according  as  the  velocity  of  difiusiou  of  the  air  is 
greater  or  less  tlian  that  of  the  gas.  By  comparing,  then,  the 
original  volume  of  the  gas  with  the  volume  of  the  air  remaining 
in  the  tube  at  the  close  of  the  ex|)erimcnt,  we  shall  have  at  once 
the  relative  velocity  of  difiusion  of  the  two  gases.  In  making 
experiments  for  the  purpose  of  determining  the  velocity  of  diffii- 
sion,  it  is  evidently  essential  to  maintain  the  water  at  the  same 
level,  both  within  and  without  the  tube,  since  otherwise  the  efiects 
of  diffusion  would  be  modified  by  the  hydrostatic  pressure. 
'^As  an  illustration  of  the  method  of  determining  the  velocity  of 
difiusion,  lot  us  suppose  that  the  tube  was  filled  with  100  ZTm.^  of 
hydrogen  gas,  and  tliat  at  the  end  of  the  experiment,  during 
which  tho  surface  of  the  water  within  and  without  the  tube  was 
carefully  maintained  at  the  same  level,  there  remained  in  the 
tulxj  26.1  c.  m.'  of  air.  It  is  evident,  then,  that  during  the  time 
100  c.  m.'  of  hydrogen  escaped  from  the  tube  through  the  porous 
diaphragm,  26.1  cT'm.'  of  air  entered.  Hence,  the  velocity  of 
the  difiiision  of  hydrogen  is  3.83  times  (equal  to  100  -r-  26.1) 
more  rapid  than  that  of  air.  In  the  same  way,  all  tlie  numbers 
in  the  colunm  of  the  following  table  headed  ''  Velocity  of  Difiu 
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sion  **  were  found.  Thej  in  each  case  indicate  the  Teloeitf  ef 
diflusion  as  com{)arod  with  air ;  and  it  will  be  noticed  that  thej 
very  nearly  coincide  witli  the  velocity  of  effusion. 

Diffusion  of  Gases. 


0. 

Sp.Or. 

^»l».Ur. 

S.7991    j 

Tdtorttyf 

j»fc/€ 

Ilyilnigi'O, 

0.06»2« 

0.26S2 

3.8300 

S.6136   . 

Mjmih  Gm, 

0.55900 

0.7476 

1.3375    ' 

1.3440 

IJ220   ' 

Htmin,   .... 

0.6tS50 

0.7896 

1.2664 

Carhooic  Oxide, 

0.96780 

0.9837 

1.0165 

1.0149 

1.0I2S 

Nitni^vn, 

0.97  l;i0 

0.9856 

1.0147 

i.oia  , 

I4>l»4 

Olcfiant  Gas      . 

0.97800 

0.9889 

1.0112    , 

1.0191    , 

lillJI 

Binoxide  of  Nitrogen,    . 

1.03900 

1.0196 

0.9606 

1 

OxTj»en, 

1. 10560 

1.0515 

0.9510 

0.9  OT 

f  fdit 

Salpharetted  Hydrn{;en, 

1.19120 

1.0914 

0.9162    1 

0.9500 

Protoxide  of  Nitrogvn, 

1.52700 

1.2357 

0.8092    , 

0J»200 

0.8310 

CAHmnic  Ari<l, 

1.52901 

1.2365 

0.8087 

0.^120 

0,9  il9 

Solpharoas  Arid, 

2.21700 

1.1991 

0.6671 

0.6^M> 

It  ap{)car8,  then,  that  the  velocity  of  diffusion  of  a  gras  is  the 
same  as  tlie  veUK*ity  of  effusion,  and  hence,  like  the  latter*  b 
inversely  pn)|M>rtioiinl  to  the  S4]uare  root  of  iu  specific  prarity. 
In  other  wonis,  pi«<t»s  expand  into  each  otiier  acconling  to  tli«^  ttaiiie 
law  whirii  tli«»y  olN»y  in  ex|Kin«Iiii^  freely  into  a  vacuum.  Thi<  fart 
has  Wvn  thouirht  to  sup{M>rt  tho  tlu»ory  of  Dr.  Dalton,  that  iraw^ 
are  in<»l:i»»lii:  towanls  each  oiIi«t,  one  pis  offerinjr  no  more  p»*r- 
manent  rt'»»istan(!ii  to  the  expansion  (»f  another  pis  than  w«miM 
Ikj  presented  hy  a  va«*unm.  Thus,  in  tlie  exp*rim«Mit  witli  llw 
two  lN)tiles  (  Fiir.  'Ml ),  Dalton  supposi^l  that  the  hydn>ir»*n  •*x- 
pan(io<|  tlirouirli  tli«»  spae<»  ooenpied  hy  the  elilorine  jii'.i  a<  if  lli-' 
spare  Wf?n»  entirrly  <*nipty  :  and  he  explainiMl  why  tin*  exji^ii:- 
sion  wa**  not  in^^tantan^Mius  hy  the  sup(H»^ition  tliat  the  |virti«*l--* 
of  flijoiint^  otVtT  tin*  sani«»  sort  of  n»^i*»tan<*e  to  tlie  m«tti*»n  ef 
hvilnnJT'Mi  an  is  otVfn*d  hv  tlie  stones  on  tlie  IhhI  of  a  hnn*k  to 
tli»»  niniiiii&f  of  MuttT.  Th«T«'  ran  U»  no  i)u»'**tioti  that  th-»  ult»- 
niali*  P'^nlt  of  ditfn>i(»n  i»»  alwav*  in  eonr<»rniitv  with  Pall**!!** 
th«Miry  ;  and  altlmnirh  w«r  may  In^^itate  to  a'»'-ume  that  jra****  •re 
in  all  n"»|MMMs  vaeua  to  eaHi  oiImt,  y«'t  this  th«N>ry  i*  at  prv*- 
ent  tin*  nio«.t  convt*ni«Mit  nKnlo  of  expn*ssin(;  the  phenom«Mia  of 

diffu<^i<>n. 

If,  in^toud  of  u*>iiiir  a  homf»ir<*nf*<»ii!t  pi%  wo  introduce  a  miitiire 
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of  two  or  more  gases  into  the  diffusion-tube,  each  gas  Till  be 
found,  to  preserve  its  own  rate  of  diffusion.  Thus,  if  the  mixture 
consists  of  hjrdrogen  and  carbonic  acid,  the  hydrogen  will  escape 
from  the  tube  much  more  rapidly  than  the  carbonic  acid,  and  a 
partial  mechanical  separation  of  the  two  gases  may  thus  be 
effected. 

It  is  not  essential  that  the  top  of  the  diffusion-tube  should  be 
closed  with  plaster  of  Paris.  Any  dry  porous  substance,  such  as 
charcoal,  wood,  unglozed  earthen-ware,  or  dried  bladder,  may  bo 
substituted  for  the  stucco ;  but  few  of  tliem  answer  so  well.*  The 
diaphragm  is  best  prepared  by  casting  a  very  thin  disk  of  plaster 
on  a  glass  plate,  and,  after  it  is  thoroughly  ^ned,  cutting  it  to 
the  required  size  with  a  sharp  knife,  and  cementing  the  edges 
with  sealing-wax  to  the  inner  rim  of  the  tube. 
-^The  ascent  of  a  column  of  water  in  the  tube,  when  hydrogen 
is  diffused,  forms  a  very  striking  experiment.  This  may  read- 
ily bo  shown  to  an  audience  with  a  Gra- 
ham's diffusion-tube  about  a  metre  in  height 
and  four  or  five  centimetres  ht  diameter, 
resting  the  bottom  in  a  pan  of  colored 
water.  Tlie  tube  can  easily  be  filled  with 
hydrogen  by  displacement,  and  the  gas  ro- 
tuned  in  its  place  by  covering  the  top  with 
a  ground-glass  plate,  which  should  be  re- 
moved ot  the  time  of  the  experiment.  The 
same  principle  can  bo  even  more  strikingly 
illustrated  by  means  of  an  apparatus  de- 
scribed by  Professor  Silliman,  Jr.,  and 
represented  in  Fig.  Shd.  It  is  made  by 
cementing  the  open  mouth  of  a  porous 
earthen-ware  cell  (such  as  are  used  in  a 
galvanic  battery)  to  the  moutli  of  a  glass 
funnel,  and  then  lengthening  the  spout  by 
attaching  to  it  a  long  glass  tube  of  tlio 
same  diameter.  When  in  use,  tho  appa-  ^~~=^  \:—-:^ — 
ratus   is   supported   as   represented  in  the  ng.sae. 

figure,  so  that  tho  end  of  the  tube  shall  dip 
into  a  glass  filled  with  colored  water.     If,  now,  we  hold  over  the 

■  Later  GxpcrimcnU  have  showit  thai  the  best  material  ij  comprised  plumbago. 
A  film  of  collodiOD  on  paper  alio  gircs  exccUeoi  rcautt*. 
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porous  cell  a  boll-glass  filled  with  lijrdrogon,  tliere  will  \m  aa 
iuiiuediato  rush  of  air  from  tlio  tutie  through  the  waler,  bocawe 
tlie  hydrogeu  diffuses  into  the  cell  nearly  four  times  as  rmpidlT  as 
the  air  passes  out ;  but  upon  removing  the  liell  of  bydrogcn  tbo 
qonditions  arc  reventcdf  —  the  hydrogen,  which  the  cell  now  con- 
tains, diffuses  into  tlie  atmosphere,  and  the  colored  water  imm^' 
diately  rises  into  the  tube. 

As  all  gases  are  expanded  by  heat,  and  tlierefore  rendered 
specifically  lighter,  it  follows  that  the  absoiaie  Telocity  of  diSv- 
sion  of  any  gas  (measured  by  volume)  increases  witli  an  incmss 
of  temperature ;  but  since  an  elevation  of  temperature  does  not 
increase  the  rate  of  diffusion  as  rapidly  as  it  does  the  Tolanie  of 
a  gas,  it  is  also  true  that  the  same  weight  of  any  gms  will  be  dif- 
fused more  rapidly  at  a  low  than  at  a  high  temperature.^  It  will 
hereafter  be  shown  that  heat  expands  all  gases  equally,  so  that 
their  relative  densities  are  preserved,  however  great  the  change  of 
temperature.  Hence  the  relative  velocities  of  diffusion,  wbich 
are  given  in  the  table  on  p.  422,  are  the  same  for  all  tcmpenif* 
tures,  provided,  of  course,  the  gases  be  heated  ef|ually. 

This  diffusive  i»ower  of  gases  is  of  the  greatest  importance  ia 
preserving  the  purity  of  our  atmosphere.  As  it  is,  the  noxioos 
carbonic  acid  from  our  lungs,  the  deleterious  fumes  from  our 
factories,  and  the  niiiismatic  emanations  from  the  nian»hes,  ait 
rapidly  spread  through  the  atmosphere  and  rendered  liarmlcM  br 
extrenio  dilution,  until  thcv  can  be  removed  bv  the  lienofict'iil 
means  apj)oinlod  ft)r  tiiis  end.  Moreover,  the  more  they  dit^r 
in  dtMisity  from  tho  air,  and  the  more,  therefore,  they  would  tfud 
to  H»j)arato  from  it,  the  stronger  is  the  force  by  which  they  tjt 
roniiM'Ut'*!  t*)  mix.  Wore  it  not  for  this  provisiion  in  llie  consti- 
tution of  jraM»s,  those  injurious  subsUinces  would  remain  whon? 
th<*y  were  fornird,  and  mi^ht  pnKluce  the  mo^t  disastrous  oin«^ 
(j!n»n(N»s.     If  we  C4>n>i«hT,  also,  tlie  oxygon  and  nitn>p?n  of  which 

tho  utniosnhoro  e-^sontiallv  con^i^ts,  thev  differ  in  den>itv  in  th«» 
I  »  •  • 

pnijKirtions  of  11^.')  to  1»71  ;  but  yet  th«»y  are  m)  i>erf«»ctly  mix'^d. 
that  t)i«*  most  arrurate  (*lienncal  analysis  has  lieen  able  to  dotetrt 
no  <iitf«*ronoe  U'twoon  th**  air  bn>u^ht  fnmi  the  t«>p  of  M<iot 
Hlanc  and  that  from  tho  (lo«»|M'ht  mine  of  Cornwall.  Were  th* 
fori'o  of  diffusion  much  1<'sh  than  it  is,  then*  two  ga^es  would  9e^ 
anito  partially,  and  the  atmosphere  be  unfitted  for  many  of  iu 
imjiortant  functions. 
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/Bunsen,*  who  has  more  recently  studied  the  phenomena  of 
gaseous  difiusion,  has  obtained  results  which  do  not  coincide  with 
the  simple  law  discovered  by  Graham,  and  enunciated  above. 
The  discrepancy  between  the  results  of  these  two  eminent  observ- 
ers probably  arises  from  the  great  thickness  of  the  plaster  dia- 
phragm in  tlie  apparatus  used  by  Bunsen ;  in  consequence  of 
which  the  phenomena  of  diffusion  were  modified  by  those  of 
transpiration.  Compare  (213).  The  same  must  be  true,  to  a 
certain  extent,  of  the  diffusion-tube  of  Graham  ;  and  the  experi- 
mental results  will  probably  approach  the  law  in  proportion  as 
the  thickness  of  the  diaphragm  is  diminished,  actually  coinciding 
witli  it  only  when  the  diaphragm  is  entirely  removed  and  the 
gases  expand  freely  into  each  other. 

(216.)  Passage  of  Gases  through  Membranes.  —  If  a  bladder 
half  filled  with  air,  and  having  its  mouth  tied,  is  passed  up  into 
a  bell-glass  of  carbonic  acid  standing  over  water,  it  will  become, 
in  the  course  of  twenty-four  hours,  fully  distended,  and  may  even 
burst,  owing  to  the  passage  of  carbonic  acid  gas  through  the 
pores  of  the  bladder.  This  is  not,  however,  a  simple  phenom- 
enon of  diffusion,  since  the  carbonic  acid  enters  the  bladder  as  a 
liquid  dissolved  in  the  water  permeating  the  substance  of  the 
membrane,  and  evaporates  from  the  inner  surface  of  the  bladder 
like  any  other  volatile  liquid.  A  similar  transfer  takes  place 
with  a  jar  of  gas  standing  on  the  shelf  of  a  pneumatic  trough. 
Tlie  water  dissolves,  to  a  slight  extent,  the  gases  of  the  atmos- 
phere, which  subsequently  evaporate  into  the  jar,  while  at  the 
same  time  the  gas  in  the  jarslowly  passes  out,  in  a  similar  way, 
into  the  atmosplvere.  For  this  reason,  gases  confined  over  water 
cannot  be  kept  pure  for  any  length  of  time.  Analogous  phenom- 
ena have  been  observed  with  membranes  of  india-rubber,  a  sub- 
stance which  has  the  power  of  absorbing  many  gases  to  a  remark- 
able extent,  especially  those  which  are  more  easily  liquefied.  It 
is  probable  that  the  gases  are  always  liquefied  in  the  india-rubber, 
and  pass  through  it  in  this  condition,  evaporating  subsequently 
on  tlie  interior  surface  of  the  membrane.  A  similar  absorption 
must  take  place,  to  a  greater  or  less  extent,  with  any  diaphragm ; 
even  with  plaster  of  Paris  it  is  appreciable,  and  slightly  modifies 
the  exfxerimental  results  of  diffusion. 


*  Ban8en*8  Gaflometrj,  p.  198. 
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CHAPTER   IV. 


HEAT. 


(215  it>.)  Theory  of  Heat.  —  All  natural  subetancea  are«  io 
certain  conditions,  ca|iahle  of  producing  on  our  bodies  peculiar 
sensations,  which  we  designate  by  the  words  htat  and  cold.  TbcM 
^nsations  may  result  from  direct  contact  with  the  substance,  ai 
when  we  touch  a  heated  stove ;  or  they  may  be  produced  al  i 
great  distance  from  it,  as  when  we  are  warmed  by  the  radiatwa 
from  burning  fuel  or  by  the  rays  of  the  sun. 

To  the  cause  of  these  effects  we  give  the  name  of  heat ;  but 
acoordiug  to  the  most  generally  received  theory  lieat  is  not  a  dit- 
tinct  agent,  but  merely  an  affection  of  matter,  and  tlie  ptieoomeat 
of  heat  are  thouglit  to  be  caused  by  the  motion  of  tho  moiccoki 
of  which  all  matter  must  be  supposed  to  consist.  Not  only  aiv 
the  moli.M*ulos  of  all  Ixxlies  assumed  to  Ix)  in  rapid  motion  anioii|t 
thcniM.^lvt's,  hut  the  motion  of  the  molecules  is  supposed  to  obef 
the  sanio  hiws  as  tho  motion  of  large  masM^  of  matter.  SItwt* 
over,  tlio  niol«HMilos  are  assumed  to  l>e  |)erfectly  elohtio,  so  that 
motion  niuv  \k*  transferred  from  one  moUvule  to  anoihi*r«as  frxio 

m 

one  l»illi:inll»all  to  anotlier.  A^iin,  when  a  movinir  t»»*lj  t? 
suddenly  arre>ted,  it  is  sup|M>sed  that  the  motion  of  the  Uidy  t* 
distrii'Uted  ainoiiLr  the  siuToundin<!  atinns  :  and  on  tho  oth«T  \\m\\ 
it  is  inferred  that  moving  atoms  may  tninsf«T  their  motion  t*< 
masse*^  of  matter,  and  tlie  atoms  of  stt*am,  it  is  th(»ui:ht«  tl.u* 
im|>sirt  motion  to  the  |)ist(Hi  of  tlie  steauMMiirine. 

Acr«»rdiiiLr,  then,  to  tills  vit»w,  u  heated  IhhIv  differs  fnmi  a  c»»M 

m 

ImhIv  only  in  the  faet  that  its  nioleeule«i  ari*  moving  mtin*  niM*.!* 
within  '\X^  ma^s.  The  movint^^  |M»wer  of  tht*  individual  nit»h*>iil-« 
n'|»n'*»«'nt>  what  we  eall  tlu»  teiu|H»niture,  and  this  is  tho  in'M-up" 
of  tlh*  foree  with  wliirli  lln'y  wonhl  ini|»n»HS  the  nerves  of  fivhuiT. 
Tlh"  liijIpT  the  ti*ni)M*ratnr«\  th<*  irreat«T  is  tho  moving  |Hiwor«aifi 
ftir  tlh*  >*ani«'  tein|H'rature  tlh*  nio|reul<*s  of  all  UMlitrst  art*  aiM^uiiK^i 
to  ii:iv  •  tin*  ^ame  movintr  |>ow«t.  Th<»  zero  (»f  al*s4)lute  Cidd  woiill 
Ih*  the  ti'in|M.Taturo  at  which  the  molecules  are  at  rest,  but  >uch  a 
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point  has  never  been  reached,  even  if  it  is  a  possible  condition  of 
matter.  While  the  moving  power  of  the  individual  molecules 
represents  the  temperature  of  a  body,  the  total  moving  power  of 
all  the  molecules  represents  the  amount  of  heat  which  it  contains. 
Quantity  of  heat,  then,  is  simply  quantity  of  motion  ;  and,  as  we 
shall  hereafter  see,  the  quantity  of  motion  corresponding  to  each 
heat  unit  is  capable  of  exact  measurement. 

The  transfer  of  heat  from  one  body  to  another  is  simply  the 
transfer  of  motion  from  the  molecules  of  the  one  body  to  the 
molecules  of  the  other.  This  transfer  may  result  either  from 
the  direct  collision  of  the  molecules,  as  when  one  ivory  ball 
strikes  another,  or  it  may  be  effected  through  the  intervention 
of  the  ether  atoms  by  which  the  molecules  of  all  bodies  are 
assumed  to  be  surrounded,  the  line  of  ether  atoms  along  which 
the  motion  may  be  supposed  to  be  transmitted,  as  along  a  line  of 
ivory  balls,  representing  the  rays  of  heat.  Such  is  thought  to  be 
the  difference  between  the  conduction  and  the  radiation  of  heat ; 
although  it  may  be  that  motion  cannot  pass  even  from  molecule 
to  molecule  except  through  the  contiguous  atoms  of  ether. 

The  difference  between  the  three  states  of  aggregation  of  mat- 
ter, according  to  the  theory  we  are  considering,  depends  upon 
the  relative  freedom  of  motion  of  the  material  molecules.  In  a 
gas  this  motion  is  wholly  unrestrained,  and  the  tension  of  the  gas 
is  supposed  to  be  due  to  the  collision  of  the  atoms  against  the 
walls  of  the  containing  vessel.  If  the  walls  are  unyielding,  the 
atoms  recoil  without  losing  any  moving  power,  as  any  elastic  ball 
would  rebound  from  a  fixed  obstacle  (109).  When,  however, 
the  walls  yield  to  the  atomic  blows,  then  the  atoms  lose  a  portion 
of  their  moving  power,  and  a  lower  temperature  is  the  result.  In 
both  solids  and  liquids  the  motion  is  supposed  to  be  more  or  less 
circumscribed  by  the  molecular  forces,  just  as  the  force  of  gravita- 
tion restrains  the  motion  of  tlie  planets  and  kcci)s  each  in  a  fixed 
orbit.  In  tlie  solid  the  motion  is  more  circumscribed  than  in 
the  liquid,  but  in  regard  to  the  mode  of  motion  in  either  case 
there  is  no  uniformity  of  opinion.  As  tlie  temperature  of  a  body 
increases,  the  moving  power  of  its  molecules  may  become  great 
enough  to  overcome  the  molecular  forces,  and  then  the  molecules, 
freed  from  the  restraint  which  bound  them,  will  move  among  each 
other  with  more  or  less  freedom,  the  solid  changing  first  into  a 
liquid  and  afterwards  into  a  gas.     Since,  however,  the  molecular 
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forces  can  only  be  overcome  by  tlie  expenditure  of  moving  power, 
such  a  change  must  bo  attended  with  the  absorption  of  heat ;  and 
when,  on  the  other  hand,  in  conse(|uence  of  the  reduction  of  tem- 
|ierature,  and  con8e<|uontly  of  the  moving  |K)wer  of  the  mdecukv, 
these  are  brought  again  under  the  iniiuenee  of  the  nx>lfctiUr 
forces,  an  equivalent  amount  of  heat  is  set  free ;  just  as  a  Mrnie* 
which,  thrown  from  the  earth,  falls  again  to  tlie  ground,  aci|uirRs 
while  falling,  the  same  momentum  which  it  lost  while  ri»ing. 

It  will  hereafter  ap|)ear  that  the  change  of  state  of  aggrvgmtioa 
is  always  accompanied  by  such  an  absorption  or  evolution  of  heat 
as  the  theory  predicts.  Moreover,  it  will  also  apfiear  tlial  the 
arrest  of  motion  is  always  attended  with  the  evolution  of  Imt, 
and  that  the  amount  of  heat  evolved  is  the  exact  equivalent  of  the 
moving  |)0wer  which  has  disap|ieared ;  as  must  necesaiarilj  be  the 
ca^e,  if,  as  the  theory  assumes,  the  moving  power  is  tran^fe^T^  lo 
the  neighl)oring  molecules  at  the  moment  of  collision,  and  their 
motion  manifests  itself  in  the  phenomena  of  heat. 

According  to  the  modem  theory  of  chemistry,  equal  volume} 
of  all  sulKitances  in  the  state  of  gas  contain  precisely  tlie  same 
iiuml>er  of  molecules,  or,  what  amounts  to  tlie  same  thing,  the 
molecules  of  all  bodies  in  the  state  of  gas  occupy  exactly  equal 
volumes.  Hence  it  follows  that  the  weights  of  the  molecule*  of 
any  two  substances  must  l>e  to  each  other  in  the  same  pn>|*>rtioo 
as  the  s])ecific  gravities  of  these  substances  when  in  tlie  state  of 
gas,  or 

m  :  m,  =  Sp.  (Jr.  :  Sp.  Gr.' 

If,  tluMi,  we  as*iunn»  that  llh'  liydn»g«Mi  molecule  shall  1h»  the  unit 
in  our  >\>ti'ni  <>f  niohvulur  Wfi^hts,  we  can  rasilv  caleulat<*  the 
in(»le<'ular  wriirhts  <»r  all  other  Iwnlies  as  com|»urvHi  with  that  t.'f 
hy«ln»iri'n.  The  nioleiMilar  weijrhts  thus  obtaintMl  aTv  eiihiT  il>e 
sann»  huihImts  as  tliose  wliieh  express  in  eliemi?»try  lln»  <'«»nibin::if 
pn»jM>rtions  of  tlit*  ditVrn»nt  element**,  or  else  they  an*  some  *i«jjl«* 
nniliij.li*  of  theM»  iiunilH'rs. 

11*,  now,  we  reprevriit  l>y  Kami  I',  the  veliM*itie«  with  wliith  th^ 
ni«»l''fuli*H  nf  any  two  sub^^tanerH  in  tin*  state  of  giis  an*  inovin;;  at 
any  \:'i\r\\  t«'in|M'rature,  lor  exainpli*,  <)'  (*entiirra«k\  then,  mh***'. 
aeenniinir  t«»  our  theory,  tlie  niovinir  |M»wrr  of  any  twt)  such  ni"l"- 
eul»'>  niu*»t  be  the  same  at  the  sanit*  tem|»eratuiv,  we  shall  la^<' 
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and  from  this  we  can  readily  deduce  the  proportion 


V:V,  =  ^m,  :  ^m  =  ^Sp.  Gr/  :  v^Sp.  Gr. 

that  is,  the  velocities  of  the  motion  of  the  molecules  of  any  two 
substances  in  the  state  of  gas  are  inversely  proportional  to  the 
square  roots  of  the  weights  of  these  molecules,  or  to  the  square 
roots  of  the  specific  gravities  of  the  gases.  The  diffusion  of  gases 
(214)  is  evidently  a  necessary  result  of  molecular  motion,  and 
the  relative  velocity  of  diffusion  must  be  the  same  as  the  relative 
velocity  of  the  molecular  motion,  and  hence  must  be  inversely 
proportional  to  the  square  roots  of  the  specific  gravities  of  the 
different  gases.  Tins  is  the  simple  law  already  enunciated  on 
page  422. 

According  to  the  theory  here  adopted,  the  value  \  m  F^,  which 
represents  both  the  moving  power  of  a  given  molecule  and  the 
temperature  of  the  body  of  which  the  molecule  is  a  part,  repre- 
sents also  the  quantity  of  heat  which  that  molecule  contains. 
Hence,  as  all  molecules  at  the  same  temperature  have  the  same 
moving  power,  they  must  have  also  the  same  quantity  of  heat. 
It  must,  therefore,  require  the  same  quantity  of  heat  to  raise  the 
temperature  of  a  single  molecule  of  any  substance  the  same  num- 
ber of  degrees.  And  if  this  is  true  of  single  molecules,  it  must  be 
true  of  equal  numbers  of  such  molecules,  or,  in  other  words,  of 
weights  of  different  substances  which  bear  to  each  other  the  same 
relation  as  the  weights  of  their  respective  molecules.  If,  then, 
the  weights  of  two  substances,  Jtf"  and  ikf',  are  to  each  other  in  the 
same  proportion  as  the  weights  of  the  molecules  of  these  sub- 
stances, m  and  m',  then  the  same  quantity  of  heat  will  raise  the 
temperature  of  the  unequal  weights  M  and  M'  the  same  number 
of  degrees.  Or,  if  we  represent  by  S  and  S*  the  quantities  of  heat 
which  are  required  to  raise  the  temperature  of  one  kilogramme 
of  each  of  two  substances  one  degree,  and  by  m  and  m'  the  relative 

weights  of  their  respective  molecules,  then  —  and  — ;  will  represent 

the  relative  number  of  molecules  of  each  substance  in  one  kilo- 
gramme ;  and  since  the  quan^tity  of  heat  required  must  be  pro- 
portioQal  to  the  number  of  molecules,  we  shall  have 


•i  :  i  =  *y:  A?,  or  m  ^=  m'  S. 


m     m' 

The  quantities  S  and  aS*  are  called  the  specific  heats  of  the 
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8iil>8tanccs ;  and  hcncoy  according  to  the  theorj,  tlie  prodi 
obtained  by  multiplying  together  the  specific  beats  of  diffnvtit 
substances  and  their  molecular  weights  (or  combining  propor- 
tions) should  Ix)  e(|ual.  In  the  case  of  the  chemical  el^mniti 
this  is  very  nearly  true ;  and  it  would  probably  be  found  precisrif 
true  for  all  substances,  could  the  comparison  always  be  mwk 
under  precisely  the  same  conditions,  and  when  the  subttuon 
were  in  the  state  of  gas. 

Again,  since  equal  volumes  of  diflferent  gases  always  conuin 
the  same  number  of  molecules,  our  theory  would  lead  a»  to 
anticipate  that  equal  quantities  of  heat  would  raise  the  tern- 
peraturc  of  the  same  volume  of  any  gas  to  an  equal  extent.  Urn 
also  wc  find  to  l)0  true  of  the  permanent  gases ;  and  althouirti  in 
the  co^e  of  the  vapors  the  deviations  from  this  law  are  appanmtlr 
very  great,  yet  such  deviations  are  probably  owing,  in  part  at 
least,  tu  the  imperfect  aeriform  condition  of  these  iKnlies,  and  alfo 
perhaps  to  the  mechanical  condition  of  the  molecules  them^eiveA, 
of  which  our  theorv  has  as  vet  taken  no  account. 

Of  the  various  theories  which  have  been  proposed  to  explaia 
the  phenouKMia  of  heat,  the  one  here  stated  is  the  simplest  woA 
the  most  intt'Uigible,  i»redicting,  as  well  as  could  be  ex|iectt>d,  the 
general  order  of  the  phenomena.  It  must  In?  admitto^K  howov.r, 
that,  as  here  stat<Ml,  this  th«»ory  is  o|)eu  to  grave  obj«vli«>n'*,  anJ. 
like  all  theories  in  science,  it  should  Ik?  n^ganleil  a.<  a  pni\iM«»jiil 
ex|MMiioiit,  and  not  as  an  cstal>li>hed  principle.  Tlial  th*»  p!;- 
noniona  of  heat  have  a  purely  niechunical  caus<»  is  most  pn»>»a^i\ 
but  the  mode  or  the  seat  <»r  the  motion  which  caus^^s  iheni  > 
wholly  a  matter  ofetMijt^elun*.  We  shall  discuss  lht»  pheiiotii'  :.a 
of  heat  in  this  chapter  as  far  as  is  possible  indefKMidently  of  xlj 
thiM»ry,  using  for  the  pur|M)se  the  ordinary  language  uf  H-i*  no*. 
It  must  U»  renuMnlK»nM|,  howeVfT,  that  much  of  thi**  lauiru^ir*  i* 
IkimmI  <)!i  the  old  theory,  now  nipidly  |ia.«sing  away,  whuh  r»*^ 
ganiiMi  hrat  as  a  material,  althouirh  an  ini|M>nderable  ai;\*nt.  .N*' 
dilTiiulty,  howrver,  will  arise,  if  it  i**  reniemlvnHl  that  quin- 
tity  nf  heat  means  simply  quantity  of  motion,  and  that  all  t«  nis« 
n-Kitin;:  to  quantity  are  a^^  strictly  applicable  to  motion  as  thtv 
an*  to  niatl«*r. 

(  -lt».)  Th*'  A'ivm  nf  If*;U  on  Matter,  —  Tlie  mechanical  effect* 
of  hrat  on  matt«T  may  Ih*  all  explained  by  assuming  that  h^'at 
actd  as  a  repubive  force  l>etween  the  {larticlet^  and  thervfor« 
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opposes  the  attractiye  force  of  cohesion.  The  first  effect  of  heat 
on  matter,  in  either  of  its  three  states,  is  to  expand  it.  This 
may  be  illustrated  by  a  great  variety  of  familiar  facts  and  experi- 
ments. A  ball  of  metal,  which  exactly  fits  a  ring  when  cold, 
will  not  pass  through  it  when  heated.  The  parts  of  a  wheel  are 
bound  together  by  the  contraction  of  the  tire,  which  is  put  on 
while  hot.  Clocks  go  slower  in  summer  than  in  winter,  because 
tlie  pendulum  is  lengthened  by  the  heat. 

Different  substances  expand  unequally  for  the  same  increase  of 
temperature.  We  estimate  the  expansion  either  by  measuring  the 
increase  of  length  or  the  increase  of  bulk.  The  first  is  called  the 
linear  expansion^  the  second  the  cubic  expansion.  In  the  case  of 
solids  we  generally  measure  solely  the  linear  expansion,  while 
in  the  case  of  liquids  and  gases  we  as  generally  measure  solely 
the  cubic  expansion.  The  one,  however,  can  easily  be  calculated 
from  the  other,  since  the  cubic  expansion  is  about  three  times  as 
great  as  the  linear  expansion.  The  following  table  will  give 
an  idea  of  the  amount  of  expansion  in  different  substances, 
and  will  show  that  gases  expand  veiy  much  more  than  liquids, 
and  liquids  very  much  more  than  solids. 

Between  the  Freezing  and  Boiling  Points  of  Water  : 
A  rod  of  zinc  increases  in  length  7^7,  that  is,  323  c  m.  become  324. 


u 

lead 

u 

u 

jii> 

a 

351     " 

u 

352. 

a 

tin 

u 

u 

tItt' 

u 

516    ^ 

u 

517. 

u 

silver 

u 

u 

tJi* 

u 

524    " 

« 

525. 

u 

glass  (crown) 

u 

tiVj* 

« 

1142     « 

u 

1143. 

Alcohol    increases    in    volume      ^,        that  is,      9  c.m.*    become    10. 
Water  «  «  ^,  «         23     «  «         24. 

Mercury       '**  "  3V>  **         ^5     "  «         56. 

Air  and  the  permanent  gases  expand  ^,  that  is,  30  c7m.*  become  41. 

Before,  however,  we  study  the  phenomena  of  expansion  in 
detail,  it  is  important  to  examine  the  various  means  by  which  the 
effects  of  expansion  are  used  as  a  measure  of  temperature. 
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THERMOMETERS. 

(217.)  Mercurial  Thermometer,  —  It  is  obvious  that  we  miidit 
use,  as  tho  mcasuro  of  tcni[>cniture,  the  effect  caused  br  beal  in 
expanding  cither  solids,  liquids,  or  gases,  and  thenuooKten 
have  been  constructed  of  each  of  these  tlirce  fonns  of 
The  exiMinsion  of  solids,  however,  is  so  small,  and  that  of 
so  difficult  to  measure,  that  their  indications  are  not  available  fer 
the  ordinary  purposes  for  which  a  thermometer  is  requined: 
while  liquids,  on  tho  other  hand,  having  an  intermediate  defcree 
of  expansibility,  and  their  changes  of  volume  being  readil v 
ured,  are  well  suited  for  thermometrical  uses.  Of  die 
li(|uids  which  might  be  employed,  mercury  is  much  tlic  best,  no! 
only  on  account  of  the  great  range  of  temperature  between  ill 
freezing  and  boiling  points,  but  also  because  its  increase  of  vol- 
ume is  very  nearly  pro]K>rtional  to  the  increase  of  temperalureu 

In  order  to  make  a  mercury  thermometer,  a  capillarr  glass  tube 
is  first  selected,  whose  bore  is  of  the  same  calibre  throughout,  to 
that  eriual  lengths  of  the  tulx)  will  contain  equal  volumes  of 
mercury.  Tho  uniformity  of  the  )K)re  is  readily  tested  by  inlio* 
ducing  into  the  tul)e  a  small  amount  of  mercury,  and  moviaf 
this  short  column  gradually  from  one  end  to  the  other*  mcasuriBC 
its  length  in  each  successive  |K)sition.  This  sliould,  of  coun>e«  be 
the  same  in  every  case  ;  and  if  not,  the  tulw  must  l>e  n*jected. 

The  plass  tulH3  having  Ixjcn  s<»lcctod,  and  cut  off  to  the  nHjuinrd 
length,  a  bulb  is  blown  U[)on  the  end  by  the  usual  mt>thod  of 
glass-blowing,  using,  however,  an  india-rublH^r  bag  in9^teaJ  of  tk^ 
mouth,  in  order  to  avoid  moisture.  The  size  of  the  bulb  is  vaheU 
acconlinjr  to  the  di»proe  of  sensilnlity  re<juinHl  in  the  in^cnimont. 
but  it  is  always  niude  large  in  comparis4»n  with  the  tuU*,  m>  thi: 
a  slight  expansion  of  tho  ciicloseil  liquid  will  cause  it  to  fill  i 
considorahh'  h»nglh  of  the  lw)n».  The  form  of  tho  !»ul!i  may  W 
eitlicr  spheriral  or  cvlin(lri<*al.  The  first  is  most  ea^ilv  made; 
iMit  tlu'  la>t,  frtini  cx[K>sing  a  greater  surface,  is  mon»  rt*mdil} 
aff«Mt«Ml  l>y  rhunp***  of  teni|H»ratun\  To  facilitate  th«»  intn>luc- 
lir»M  of  the  UKTcury,  a  cup  is  sometimes  conientetl  to  the  open 
end  of  the  tulN\  although  a  pa|)er  funnel  fastenetl  with  twine  will 
an*«w«T  rvory  pur|>ose. 

TIh»  tulx*  thus  pre|>arod  is  now  easily  filled  with  mercury. 
Holding  the  tul»e  in  a  vertical  position,  wo  pour  mercury  into  tbe 
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cup,  and  heat  the  bulb  with  a  lamp  in  order  to  expel  a  portion  of 
the  air.  On  removing  the  lamp  the  glass  soon  cools,  and  the 
mercury  is  forced  in  by  the  pressure  of 
the  atmosphere,  partially  filling  the 
bulb.  We  now  again  apply  the  lamp, 
as  represented  in  Fig.  840,  until  the 
mercury  boils ;  and  continue  the  boil- 
ing for  several  minutes,  in  order  that 
the  mercury  vapor  may  drive  out  all 
the  air  and  moisture.  The  lamp  is  then 
again  removed,  when  the  mercury, 
pressed  in  by  the  atmosphere,  descends 
and  fills  completely  the  whole  appara- 
tus. The  cup  is  then  emptied  of  the 
excess  of  mercury,  and  the  tube  just 
below  it  drawn  out  to  a  narrow  neck 
in  the  flame  of  a  blowpipe,  when  the 
cup  may  be  broken  off. 

As  the  tube  is  now  filled  with  mer- 
cury, a  greater  or  less  portion  of  it 
must  be  removed,  depending  on  the 
range  to  be  given  to  the  instrument. 
This  is  accomplished  by  heating  the 
bulb  to  the  highest  temperature  which 

the  thermometer  is  expected  to  measure,  when  the  excess  of 
mercury  is  expelled  through  the  minute  aperture  left  in  the  neck 
of  the  tube.  The  source  of  heat  is  now  withdrawn ;  and  the 
moment  the  column  of  mercury  begins  to  descend,  the  flame  of  a 
blowpipe  directed  against  the  end  of  the  stem  hermetically  seals 
the  tube.     It  remains  then  only  to  graduate  the  instrument. 

(218.)  Graduaiion  of  the  Thermometer.  —  If  the  bore  is  uni- 
form, it  is  evident  that  the  rise  of  the  mercury  in  the  tube  will 
be  proportional  to  the  expansion,  so  that  we  have  in  the  ther- 
mometer an  instrument  with  which  we  can  measure  any  change 
of  volume  of  the  included  liquid  ;  and  if  we  assume  that  the 
expansion  is  proportional  to  the  increase  of  temperature,  it  is 
evident  that  it  will  also  serve  as  a  very  delicate  measure  of  tem- 
perature. 

The  thermometer  is  always  graduated  by  means  of  two  fixed 
temperatures,  —  those  of  melting  ice  and  of  boiling     iter.    The 
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bulb  and  the  portion  of  the  tube  filled  with  nwrcnty  mn  fint  mtr- 
rounded  by  pulreriied  ice,  and  the  point  to  which  the  mercttf^  hik 
is  marked  Kith  a  file  on  the  sten  (Plf. 
341 ) .  Tlie  tfaermomeler  i«  next  immmti 
in  steam  escaping  freely  into  the  ataw*- 
phere,  and  the  point  to  vhieh  the  vaenmn 
risefl  marked  ai  before.  The  teuipefalow 
of  free  steam  is  alvayi  approximatiTCiT 
the  same  as  that  of  boiling  water,  and  em 
more  constant,  not  being  affected  by  BaaT 
circamstances,  such  as  the  Datnre  of  tht 
Tesael  and  the  presence  orimparitiea,wyefc 
may  change  sligtitly  the  boiling-point. 

The  apparatus  rcpreaoiited  in  Figs.  SIS 
and  S48,  invented  by  Regnault,  is  admi- 
rably adapted  for  fixing  the  boiling-poiat 
Its  construction  is  sufficiently  cTidtl 
from  ttio  drawing,  and  does  not,  th«»- 
fore,  require  description.  The  ateani  ris- 
ing from  tlio  boiling  water  circulates  in  the  directioa  «f  As 
arrows,  escaping  by  tito  tube  D ;  and  Uie  object  of  the  dovUi 
envelope  is  merely  to  prevent  the  steam  from  condensing  in  tk 
inner  cylinder  A. 
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Since  the  temperature  of  boiling  water  and  of  the  steam  escap- 
ing from  it  varies  with  the  atmospheric  pressure,  it  is  evidently 
essential  to  pay  regard  to  this  circumstance  in  graduating  the 
thermometer.  The  fixed  point  adopted  for  the  graduation  is  the 
temperature  at  which  water  boils  under  a  pressure  of  76  c.  m. ; 
and  if  tlie  barometer,  at  the  time  of  graduation,  indicates  a  dif- 
ferent pressure,  it  is  necessary  to  make  a  correction  accordingly. 
This  correction  is  easily  calculated,  since  WoUaston  determined 
tliat  the  boiling-point  of  water  increases  one  Centigrade  degree 
for  every  increase  of  pressure  measured  by  2.7  c.  m.  of  mercury 
column.  In  determining  the  boilmg-point  with  Begnault^s  ap- 
paratus, it  is  necessary  to  guard  against  any  accidental  variation 
of  pressure  in  the  interior ;  and  for  this  reason,  it  is  furnished 
witli  the  manometer^tube  m. 

The  two  fixed  points  having  been  marked  on  the  tube,  the 
distance  between  them  is  next  divided  into  equal  parts,  called 
degrees.  Two  difieront  scales  are  used  in  this  country.  In  the 
Centigrade  scale,  which  is  the  one  most  generally  used  for  scien- 
tific purposes,  the  distance  is  diWded  into  one  hundred  degrees, 
which  are  numbered  from  the  freezing-point  of  water.  These 
divisions  are  continued  of  the  same  size  both  above  100''  and 
below  O"*,  the  last  being  distinguished  by  a  minus  sign ;  thus, 
— 10**  stands  for  ten  degrees  below  zero.  In  the  Fahrenheit  scale, 
which  is  used  almost  exclusively  in  common  life,  the  distance 
is  divided  into  one  hundred  and  eighty  degrees,  which  are  num- 
bered from  a  point  thirty-two  degrees  below  the  freezing-point  of 
water ;  so  that  on  this  scale  the  freezing-point  of  water  is  at 
82*,  and  the  boiling-point  at  32*'  -f  180**  =  212^ 

The  Fahrenheit  scale  originated  with  an  instrument-maker  of 
Dantzic,  from  whom  it  is  named,  and  appears  to  have  been  based 
on  some  theoretical  views  in  regard  to  the  expansion  of  mercury 
which  have  long  since  been  forgotten.  It  is  supposed  that  the 
zero  was  chosen  as  marking  the  greatest  cold  which  had  been 
observed  at  Dantzic,  and  which  Fahrenheit  regarded  as  the  great- 
est possible.  We  are  now,  however,  able  to  reduce  the  tempcrar 
ture  of  bodies  at  least  one  hundred  and  fifty  degrees  below  the 
zero  of  Fahrenheit,  so  that  this  zero  is  far  from  marking  the 
greatest  possible  cold ;  moreover,  since  cold  is  merely  the  absence 
of  heat,  and  since  we  cannot  remove  all  the  heat  from  matter, 
we  can  never  expect  to  reach  the  absolute  zero.    Indeed,  the 
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wliolo  tliormomctric  scale  is  to  be  regarded  as  porelj  arbitrarr. 
and  may  be  compared  to  a  chain,  extending  Indefinite! j  both  n^ 
wards  and  downwards.  We  select  some  point  on  tlie  c^Mun,  and 
begin  to  count  the  degrees  from  that.  We  fix  the  length  of  o«r 
degrees  by  selecting  a  second  point,  at  a  conTenient  diatanee 
above  the  first,  and  dividing  the  intervening  lengtli  into  an  arbi- 
trary number  of  equal  jmrts.  Thus  all  is  arbitrary ;  snd  there 
is  no  peculiar  virtue  in  the  two  points  which  have  been  ehosra, 
other  than  that  they  can  be  easily  determined  witli  aecnmcr*  and 
include  between  them  the  range  of  temperature  with  whidi  wc 
are  usually  most  concerned. 

The  Centigrade  scale  has  been  adopted  in  this  work,  not  only 
because  it  has  a  decimal  subdivision,  but  also  becauM  it  is  the  one 
most  generally  adopted  in  the  scientific  works  both  of  tliis  conih 
try  and  of  Europe.  At  the  end  of  the  book  there  will  be  kmni 
a  table  by  which  the  degrees  of  the  Centigrade  scale  may  lie  emh 
verted  into  those  of  the  Fahrcniieit.  This  reduction  can  ea^ilf 
be  made  mentally,  since  100*  C.  ««  180*  F.,  or  5*  C.  =-  »•  F.; 
hence  F.""  =  |  c!*"  +  82.  The  82  is  added,  because  tlie  wro  of 
Fahrenheit  is  32  Fahrenheit  degrees  below  the  lero  of  tlie  reuti- 
grade.  An  easy  rule  for  mental  calculation  is.  Double  ike  wmmhef 
of  Cenii^ade  drgreeSy  subtract  one  tenik  of  tke  ^koie^  amJ  oM 
tkirty-tiro.  When  the  Centigrade  degrees  are  Im»Iow  xem,  tl^r 
are  marked  with  a  minus  sign  ;  and  this  sign  muht  be  n^rd^ 
in  usinj^  the  above  rule. 

licsjides  the  two  just  mentioned,  tho  srale  of  Roaumur  is  al«> 
used  in  some  countries  of  Knn>|ie.  (hi  tliis  scale  the  di>tan<*^ 
lictwoon  the  freezing  and  Uuling  [>oints  of  water  is  divido<l  into 
eighty  cipial  |iarts,  but  the  zoro  is  the  same  as  on  the  (VntisrrKk. 
It  is,  however,  never  used  in  this  country,  and  is  seldom  rvr*m?4 
to  in  S4*ientific  works. 

In  all  thermometers,  after  the  len^h  of  a  degree  has  \^tn 
as<*ertained  by  dividing  tho  distance  l)etween  the  fnvzini^  an-l 
lN)ilinf;  |MMiits  of  water  into  espial  [Mirts,  the  divisions  are  ciki- 
tinu«Ml  of  the  same  size  lN*yond  the  two  fixetl  |M>ints  on  eith«'r 
side.  This  methtMl  of  gntduation  (Hvasions  a  defect  in  thf 
in>tniiiieiit  which  must  now  U»  notic*ed. 

(•Jlt». )  Drfrcfi  of  the  Mrrcurtf  Thrrmometrr.  —  It  will  l»e 
ohviou'«,  from  a  nionieiit*s  n'H«H*tion,  that  we  do  not  oliserve  i:i  a 
tlH^rnuuncter-tube  the  alisolute  ex[ianston  of  niercunr,  but  only 
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the  rclatiTe  expansion  as  compared  with  that  of  the  glass  bulb. 
Did  tlie  glass  expand  as  much  as  the  mercury,  the  column  of 
liquid  would  evidently  remain  stationary  at  all  temperatures. 
If  it  expanded  more  than  the  mercury,  an  increase  of  tempera- 
ture would  cause  the  column  to  fall.  In  fact,  the  expansion  of 
mercury  is  seven  times  greater  than  that  of  glass ;  so  that  its 
apparent  expansion,  when  enclosed  in  a  glass  vessel,  is  about  one 
seventh  less  than  the  absolute  expansion.  The  rise  of  the  column 
of  mercury  in  a  thermometer-tube  is,  then,  a  mixed  effect  of  the 
expansion  of  the  enclosed  mercury  and  of  the  glass  envelope. 

It  is  furtlier  evident,  that  the  whole  value  of  the  thermometer, 
as  a  measure  of  temperature,  rests  upon  the  assumption  that  the 
expansion  of  a  given  quantity  of  mercury  is  exactly  proportional 
to  the  amount  of  beat  which  enters  it.  If,  for  example,  a  given 
amount  of  heat,  entering  tlie  mercury  of  a  thermometer,  causes 
it  to  expand  0.001  of  its  volume,  and  consequently  to  rise  in 
tlio  stem  one  centimetre,  it  is  assumed  that  twice,  three  times, 
etc.  as  much  heat  will  cause  it  to  expand  0.002,  0.003,  etc.  of 
its  volume,  and  to  rise  in  tlie  stem  2,  3,  etc.  centimetres.  This 
assumption  is  not,  however,  absolutely  correct,  for  the  rate  of 
expansion  of  mercury  gradually  increases  with  the  tempera- 
ture; so  that,  in  the  example  just  cited,  twice  as  much  heat  will 
cause  the  mercury  to  expand  a  little  more  than  0.002,  and  three 
times  as  much  heat  a  little  more  than  0.003  of  its  original  vol- 
ume. Or,  to  take  another  illustration,  let  us  suppose  that  a 
certain  amount  of  heat,  entering  the  mercury  of  a  thermometer, 
causes  the  column  to  nse  in  the  stem  one  centimetre,  which  we 
may  suppose,  in  a  given  case,  to  be  the  length  of  one  Centigrade 
degree ;  and  let  us  also  suppose  that  exactly  equal  amounts  of 
heat  enter  the  same  tliermometer  during  successive  intervals  of 
time.  If  the  rate  of  expansion  of  mercury  were  uniform,  each 
addition  of  heat  would  cause  the  mercury  to  rise  exactly  one 
centimetre ;  so  that,  if  the  stem  were  divided  into  centimetres, 
each  of  these  would  indicate  the  same  accession  of  heat.  As  it 
is,  however,  the  addition  of  the  second  quantity  of  heat  causes 
the  mercury  to  rise  a  little  more  than  a  centimetre,  the  addition 
of  the  third  quantity  causes  a  rise  still  greater  than  before,  and 
so  on.  Hence,  in  order  that  the  degrees  of  the  thermometer 
may  indicate  equal  accessions  of  heat,  they  should  slowly  in- 
crease iu  lengthy  from  zero  up.    In  the  case  of  mercury,  the  rate 
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of  ezpAttsioa  chiingM  k>  •IowIt',  that  the  iaatam 
in  the  length  of  tlie  degrees  voold  not  he  pn- 
ceptiblo  to  the  eye  within  the  omal  tmnge  of  Ik 
Bcale  ;  but  if  the  thermometer  ii  filled  vHk 
water,  whose  rate  of  expansion  iocraaaoB  ntf 
rapidlj,  tlie  effect  becomes  reiy  eridenL  TIw 
water  thermometer,  represented  in  Fig.  M4.  k 
so  graduated  that  each  diriidon  on  the  aede 
corresponds  to  an  equal  amount  of  heat ;  and  it 
will  be  noticed  tliat  the  d^rees  near  the  top  af 
tlie  scale  are  several  times  longer  than  tluse 
near  tlie  tero  point.  This,  then,  is  an  exafgcf 
ated  representation  of  the  way  in  which  a  mer- 
cury thermometer  should  bo  graduated,  in  order 
to  bo  perfectly  accurate ;  the  length  of  the  de- 
grees should  slowly  increase  from  the  sero  point 
up.  Ill  practice,  however,  as  has  been  described, 
they  are  made  of  the  same  length.  The  emr, 
thus  caused,  is  not  important  between  the  tso 
fixed  points ;  since,  by  dividing  the  given  dis- 
tance into  equal  parts,  we  obtain  a  mean  lenglk 
for  tlio  degree,  which,  although  too  long  for  the 
dofnves  near  tlio  frccziug-poitit,  and  tm  short 
for  tlio  degrees  near  tho  boiling-point,  is  esKi 
for  tlio  iiitcnuediato  degivos,  and  very  nv^j 
correct  fur  all.  But  abuvc  tho  Unling-point  the 
Fame  la  not  tlio  com  ;  fur  while  the  dtfnw.n 
niJirkod  on  lliu  scale  have  tho  same  length  u 
tliusG  Ix^luw,  the  true  luiigth  of  the  dv^rrve  » 
couiitaiitly  iiicreosiii);,  until  the  diirt.>rvnr(;  la- 
conics very  coiiHidonthlu.  Ilcnce  a  tlicrmomeitr 
alx>ve  tho  boiling-|toint  always  indicates  luu  hi|d> 
a  ti'm)M>raiuro  ;  and,  for  tim  same  reaMu.  lM>i->« 
the  rrecziiif;-[M>int  indicates  too  Iowa  leiuporatum 
The  valiio  of  the  mercury  ihonuoiuvU-r  as  vi 
acennite  iiiKtninieiit  would  not  Ui  materially  im- 
[Niireil  by  the  fuct.H  stated  aliuve,  cinec  it  wuuM 
alwnyn  lie  |N»stiililo  bi  estimate  tito  anmuiit  of 
deviation  iu  any  case,  and  apply  the  oorrvoiioe 
to  tho  observed  results.    L'nfortunaiuly,  however, 
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Us  indications  are  also  affected  by  the  unequal  expansion  of  the 
glass  enyelope.  It  so  happens  that  the  rate  of  expansion  of  glass 
increases  quite  as  rapidly  as  that  of  mercury  ;  so  that  the  error 
induced  by  the  increased  rate  of  expansion  of  mercury  is  in  part 
corrected^  indeed  sometimes  oyer-corrected,  by  the  increasing 
capacity  of  the  glass  bulb.  Unfortunately,  the  rate  of  expansion 
differs  very  considerably  in  different  kinds  of  glass,  and  even  in 
the  same  glass  under  different  circumstances ;  so  much  so,  that 
two  thermometers,  even  when  constructed  with  the  greatest  care, 
seldom  agree  for  temperatures  very  much  above  or  below  the 
fixed  points.  It  is  thus  evident,  that,  while  the  expansion  of 
the  glass  tends  to  correct  the  error  which  would  be  caused  by 
the  unequal  expansion  of  mercury,  it  nevertheless  renders  the 
indications  of  the  thermometer  uncertain  to  a  slight  extent,  and 
sufficiently  to  deprive  the  instrument  of  tliat  accuracy  which  is 
desirable  in  a  scientific  investigation. 

The  facts  stated  in  this  section  are  illustrated  by  tlie  following 
table,  from  the  well-known  memoir  of  Regnault*  on  this  subject. 

Compctriion  of  Different  TTiermometeru 


Jkir  TbeniMMMtOT. 

TmeTrniper*- 
toi«* 

TbcnBOBMVBP 

without  OlMt. 

IImi  UMMnvtoTy 
riint-cUM. 

ThvnuouMCsry 
Crowp-gliw 

CoaOetent  of  Bxpui* 
■km  of  Mercury. 

o 
0 

o 
0 

o 
0 

o 
0 

0.000  1790 

50.00 

49.65 

50.20 

0.000  1815 

100.00 

100.00 

100.00 

100.00 

0.000  1830 

120.00 

120.83 

120.12 

119.95 

0.000  1850 

140.00 

140.78 

140.29 

ia9.85 

0.000  1861 

160.00 

161.83 

160.52 

i:)9.74 

0.000  1871 

180.00 

182.00 

180.80 

179.63 

0.000  1881 

200.00 

202.78 

201.25 

199.70 

0.000  1891 

220.00 

223.67 

221.82 

219.80 

0.000  1901 

240.00 

244.67 

242.55 

239.90 

0  000  1911 

246.30 

246.30 

260.00 

265.78 

263.44 

260.20 

0.000  1921 

280.00 

287.00 

284.48 

280.52 

0.000  1931 

800.00 

308.34 

805.72 

801.08 

0.000  1941 

820.00 

829.79 

827.25 

821.80 

0.000  1951 

340.00 

851.34 

349.30 

343.00 

0.000  1962 

Column  1  gives  the  temperatures  of  the  air  thermometer  taken 
as  the  standard,  which  may  be  regarded  as  very  close  approxima- 
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1         XXI.  pp.  839,  328. 
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lions  to  tlio  true  temperature.  Column  2  gives  tlio  corrcipoiidiag 
temperatures  which  would  1)0  indicated  by  a  mcrcurj  thenaooN^ 
tor,  graduated  in  the  usual  way,  if  the  gloss  did  not  expand  al  all: 
showing  the  error  which  would  bo  caused  by  Uio  Taryingialttf 
expansion  of  the  mercury  alone.  Column  8  gives  the  ooffiwpM^ 
ing  tem|)eraturcs  indicated  by  a  mercury  tlicnnometer  mtit^  4f 
flint-glass  (cristal  do  Choissy-le-Roi),  showing  that  tUt 
in  part  corrected  by  the  unequal  expansion  of  tlie 
Column  4  gives  the  corresponding  temperatures  indieatrf  ^yt 
thermometer  of  crown-glass  (verro  ordinairo  do  Paris), 
that  the  indications  of  thermometers  made  with  different 
of  glass  do  not  necessarily  accord.  Finally,  column  5,  giTing  the 
coefficients  of  expansion  of  mercury  at  each  temperature  (250), 
is  added,  in  order  to  show  how  rapidly  the  rate  of  expansion  in- 
creases with  the  tempemture. 

It  will  l)e  noticed  that  the  thermometers  agree  perfectly  at  the 
two  fixed  points  to  which  they  are  graduated.  Moreover,  be> 
tween  these  two  |K)ints  the  diffl^rences  are  comparatively  small, 
since  from  the  very  method  of  graduation  tlie  errors  are  distrilv 
utcd  ;  but  alNive  hW  the  diflfercnces  between  the  indications  uf 
the  mercury  therinomt*ters  and  the  true  temperatures  are  contin- 
ually increasing.  The  variations  from  the  true  temperature  in 
the  cast»  of  tlie  theoretical  thermometer  without  pla>s  ore  vorr 
larp:i*.  In  the  flint-glass  thernionieter  the  difl^eivncc*^  are  l*-««. 
I>ecaiise  the  varying  rate  tif  ex|)ansion  of  nieriMiry  is  farti^Ilj 
corn.'cle*i  Uv  that  of  the  irlass.  In  the  caw*  of  the  cn»wn-irta.-* 
thermometer,  then*  is  a  sin«jiilar  anomaly.  This,  on  acittuut  i>f 
the  remarkable  law  of  e.\|»;in^ion  which  cniwn-gla^s  oIn^vi,  kt»»-M 
nearly  in  acconl  with  the  air  thermometer  up  to  -4'»'.i>«».  a: 
wbicli  |M)int  it  coin<*ifles  with  it:  but  ttlwive  this  [xtint.  at  whi  h 
l!iey  s<*|«irate,  tlie  dilTen'nees  l»etween  tin*  two  rapidly  incnM*«». 
It  will  alM)  Im»  noticed,  that  the  dilTen'Uces  U^tweiMi  the  tem|»'r- 
atiiri*s  iiiiiieate<l  by  the  tb<Tnioni4*ters  of  flint  ah<l  cri»wn  cU«^ 
are  ({uite  lap^^^' ;  an<l  it  i*<  evidi^iit  that  tin*  la^t  an'  yrn^atly  t«i  U* 
preHTHMi  ill  all  MMenlilie  invi-viiiriiiions.  Smaller  dilTfreno'ii 
hav«?  U'en  obM-rviMl  U*twtM*n  tlHTnioinet4*rs  made  of  varietit*s  of 
crown-^^biss  ;  but  I  hey  are  not  of  pnictical  inifiortancc  when 
neither  *»f  tin*  varit'lifs  contain^  lead. 

Tlh'   fa«'lH  jii-t   ^late«l  will    U.'  n*iidenM|  cleanT  by   Fig.   M*>, 
which  !.•»  a  geometrical  construction  of  the  results  given  in  the 


aUe  OD  page  4S9.  Tlie  figures  on  the  horizoutal  line,  or  axis  of 
ihwiitfwfi)  stand  for  tlie  temperatures  of  an  air  thermometer; 
those  on  the  vertical  line,  or  axis  of  ordinates,  for  the  dififerences 


between  the  indications  of  tliis  thermometer  and  of  different 
mercury  ttiermometers.  The  curve  On  am  shows  the  varia- 
tions from  the  true  temperature  of  the  theoretical  thermometer 
without  glass  ;  and  the  curves  Onac,  Onav,  Onas,  Onao, 
the  vanatious  of  thermometers  made  with  Sint^lass  of  Choiss;- 
le-Roi,  green  glass,  Swedish  ghiss,  and  "verro  ordinaire  do 
Paris,"  respectively.  The  anomaly  in  tlie  case  of  the  thermom- 
eter made  with  the  common  Paris  glass  is  beautifully  illustrated 
by  the  last  curve. 

(220.)  Change  of  ike  Zero  Ftnnt,  —  Mercury  thermometers, 
even  when  constructed  with  the  greatest  care,  are  liable  to  error 
from  another  cause,  which  cannot  be  go  easily  explained  as  tlio 
one  just  considered.  The  zero-point  of  the  thermometer  fre- 
quently rises  on  the  scale,  the  displacement  amounting  at  times 
even  to  two  degrees.  By  this  is  meant,  tliat  wlieu  tlio  thermom- 
eter is  surrounded  by  melting  ice,  as  in  Fig,  341,  the  mercury 
will  not  sink  to  the  original  zero,  but  only  to  a  point  possibly 
even  two  degrees  above  it.  According  to  Despretz,  this  cliange 
may  continue  for  an  indefinite  period  ;  and  it  is  therefore  impor- 
tant to  verify  tlie  position  of  the  zero-point  of  a  tliermometer 
before  using  it  in  an  observation  where  great  accuracy  is  required. 
If  the  point  has  been  displaced,  the  amount  of  the  displacement 
must  be  subtracted  from  the  observed  temperatures. 

Besides  this  slow  rising  of  the  zero-point,  sudden  variations  in 
its  position  have  been  noticed  after  the  thermometer  has  been  ex- 
posed to  a  higher  temperature.  These  variations  are  sometimes 
permaoeot,  and  at  other  times  merely  transient,  the  zero-point 
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returning  to  its  original  position  after  tlie  iustrumeui  has 
cooled  for  some  time.  All  those  bets  tend  to  shov,  that  determi- 
nations of  teni|)eraturo  with  a  mercury  tliennometcr  ara  liaUe 
to  sources  of  error  which  cannot  always  be  guarded  against ;  auJ 
it  is  tlierefore  best,  when  gnmi  accuracy  is  required,  lo  mlAtitute 
for  the  mercury  thermometer  the  air  thermomoier  of  Regnault, 
which  will  be  described  in  a  ftitura  section. 

(221.)  BUndard  TAenaomfleri.— The  causes  of  error  m  the 
mercurial  thermometer  ahready  noticed  arise  from  tlio  Terr  da- 
ture  of  the  inaleriaki  and  are  inseparably  connected  even  wiih 
such  instruments  as  have  been  constructed  with  all  the  refine^ 
mcnts  of  modem  science.  Ordinaty  thermometers  are  lialJe  to 
errors  of  construction  of  a  far  greater  magnitude.  It  is  o  iti*-nt, 
from  the  theory  of  tlie  instrument,  that  unless  the  bore  of  tlie 
tul>c  has  the  same  calibre  tliroughout,  equal  increments  in  th« 
Yohimo  of  tlie  mercury  will  not  cause  an  equal  rise  of  the  Cf  Jiuun 
in  all  its  part» ;  and  the  indications  of  tlie  instrument,  gradustrj 
in  the  usual  way,  will  be  more  or  less  erroneous.  Now  it  is 
seldom,  and  probably  never,  tlie  case,  that  a  thermomcter-tul< 
has  an  ubsolutoly  uniform  bore.  Ilcnce,  ui  makuig  a  standsni 
instrument,  it  is  essential  that  the  tube  should  be  caKbraUd 
thnnigliout,  and  the  size  of  the  degrees  proitortioned  to  the  vvt- 
iiig  diamotiT  of  tlie  tube.  This  is  done  by  introducing  a  »ltort 
column  of  inorcMiry  into  the  tul>e,  gradually  moving  it  frt>m  on^ 
end  to  the  otlirr  by  int^ans  of  a  small  elastic  bag  tied  to  the  i»(«ru 
mouth,  and  dividing  the  tuln)  into  lengths  e<|ual  to  the  longths  \A 
the  mt'n'ury-roluinn.  This  longth  is  taken  m)  short  that  the 
diam<'t«T  nf  the  tul»e  may  l»e  assumed,  without  appreciable  err*r. 
not  to  vary  thnitighout  the  short  di>tance;  and  when  tlio  tuU-  .« 
gra(luat«MK  each  of  thi*!«e  ItMigths  is  divideil  into  the  saiue  numUr 
of  oijual  parts. 

Hr^rnanli,  who  has  vitv  greatly  improved  the  mi*thotl«  of  era*!- 
u.ilinu^  stan<Janl  th«'nnoinet«»rs,  um»s  for  the  pur[Mi>o  a  div;ii;Lj 
riii:in«\  >iniilar  to  tin*  on<;  n'pn»M»nted  in  Fig.  i>4«»,  ifthioh  i^  co;.- 
>frurt«Ml  hy  M.  HulMiM-q,  of  Paris.  It  consists  of  tho  in»:i  frxiLx 
A  f^,  in  whith  is  inountni  the  long  steel  screw  //.  This  mix'* 
is  rontini'd  at  its  two  mils  hy  hnuss  collars,  in  whioh  it  tun.* 
fri'-'ly.  Oil  the  top  of  the  iron  frame  uiovrn  the  eurriatf\»  /i\  v.j 
wiiirli  tin'  ln*M»  ti>  In*  ilivid<*il  in  f;i.-t4*n(Ml.  Motion  is  ciannmiii- 
catt.'»l  to   thiji  carriage  hy  the  screw  //,  which  plays  thix>ui:h  a 
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socket  fastened  to  the  under  Bide,  and  therefore  invisible  in  the 
drawing.  Bj  turning  the  screw,  the  oarrioge  b,  and  the  tube 
i  upon  it,  are  moved  forward  under  the  graver,  a,  which 


is  ftttaclicd  to  a  very  ingenious  apparatus  for  regulating  the 
lengths  of  the  dirisioa-lines,  making  every  fiflli  and  tenth  line 
longer  tlian  tlio  rest.  Thia  dividing  apparatus  is  supported  on 
the  upright  piece  of  iron,  P,  which  is  itself  firmly  fastened  to  the 
frame  of  tlie  engine. 

Tlio  whole  value  of  tho  apparatus  depends  on  tho  long  screw, 
which  is  mado  witli  great  care,  and  its  threads  go  adjusted  that 
one  revolution  moves  forward  tlie  carriago  exactly  one  milli- 
metre. Motion  is  communicated  to  tho  screw  by  the  liandle  M, 
acting  through  tho  cogs  m  and  n  on  tlio  broad  wheel  opr,  and 
tliis,  in  its  turn,  on  a  rutchet-whecl  fastened  to  tlie  liead  of  the 
screw,  and  moving  within  tlie  first.  Tho  wheel  opr  can  revolve 
in  one  direction  independently  of  the  ratcltet-whoel  and  tho 
screw ;  but  wlien  turned  in  the  opposite  direction,  a  small  detent, 
fastened  to  tho  inner  surface  of  its  rim,  catches  in  the  tcctli,  and 
mores  tho  ratchet-wticel  and  screw  with  it.  The  rim  of  the 
wheel  opr  is  divided  on  both  sides  into  degrees,  and  by  means 
of  a  set  of  stops  its  moUou  can  be  limited  to  any  numlier  of  reT< 
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olutioDs,  or  to  any  fraction  of  a  revolution.  Let  us  suppose  thsl 
the  stops  are  so  a^usted  that  the  wheel  opr  can  turn  througii 
two  revolutions  and  ^.  Starting,  then,  from  the  first  stop,  and 
turning  the  handle  M  until  the  motion  is  arrested  by  the  Mcuod 
stop,  the  screw  //  will  be  revolved  twice  and  t^V•  CuiiMquentlr, 
the  carriage  B  will  be  moved  forward  2.54  millimetres,  ihk 
now  turning  the  handle  M  in  the  opposite  direction,  the  wlicci 
opr  will  be  turned  back  to  its  first  position,  without  moving  the 
screw,  and  tlien,  on  reversing  the  motion,  tlie  carriage  will  W 
moved  forward  2.54  m.  m.,  as  l)efore,  and  so  on  indefinitely.  If 
at  each  advance  wo  make  a  mark  with  the  graver,  a,  it  is  evident 
that  our  tube  will  bo  divided  into  lengths  of  2.54  m.  m.,  or  into 
any  other  lengtlis  for  whicn  we  may  choose  to  acyust  tlie  stops. 

This  engine  may  also  bo  used  for  measuring  the  length  of  di- 
visions already  made ;  only  for  this  purpose  a  small  microscope, 
furnished  with  cross-wires,  should  bo  attached  to  the  upriglit,  P, 
at  the  side  of  the  graver.  The  microscope  having  been  adju«ted 
so  that  the  cross-wire  is  just  over  tlie  first  mark  on  the  tube,  and 
the  sto[>s  which  limit  the  motion  of  the  wheel  op  r  having  been 
removed,  the  handle  M  is  turned  until  the  cross-wire  is  esactlr 
over  the  second  mark,  the  observer  carefully  noting  the  number 
of  revolutions  and  fraction  of  a  revolution  required,  by  means  of 
an  index  provided  for  the  pur|>ose.  Let  us  suppose  lO.To  n*vo- 
lutions  are  required  ;  then,  evidently,  the  length  of  the  divi>iua 
is  10.75  millimetres. 

In  using  the  dividing  engine  for  calibrating  a  thermometer*  the 
tube  is  udjtistotl  on  the  carriage  B  so  that  its  axis  shall  be  pe^ 
fectly  parallel  to  the  axis  of  the  long  screw  //.  A  short  column 
of  mercury  having  l>een  previously  introduced  into  one  end«  the 
length  of  this  column  is  carefully  measured  as  just  d<»M:ril^>l« 
and  the  position  of  its  two  extreniitit*s  marked  with  a  fine  hai^ 
pencil  on  the  tulie.  Adjusting  the  cross-wire  of  the  micnM*o|ii* 
to  the  heaii  of  the  niercnry-cohunn,  this  is  next  puslunl  forward 
in  llie  tul>e  thn>u^h  exactly  its  own  length.  The  lengtli  is 
again  niejisun^d,  and  the  position  of  the  head  of  tlie  mercurr- 
column  havint^  1>o«mi  miirkiMl  as  Iwforo,  the  same  pnicew  i«  re- 
pealed until  the  tuU*  is  divid^^l  into  lengths  of  e<|ual  ca(McitT, 
and  thoir  valui*  known.  Vac\\  of  these  lengths  is  next  to  U 
divided  into  the  same  nuniU^r  of  equal  [Mirts,  and  any  convenient 
Duml>er  is  selected,  which  sliall  give  to  tlie  degrees  as  ueariy  as 
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possible  the  sizo  required.  In  order  to  illustrate  the  method,  let 
us  suppose  that  the  lengths  between  the  pencil-marks  are  respect- 
ively as  follows :  — 

18.45  m.  nu,     18.30  m.in.,     18.32  m.  m.,     18.24  m.  m.,     18.15  m.  m., 

and  that  it  is  decided  to  divide  each  length  into  thirtj  degrees. 
The  lengths  of  tlie  degrees  in  the  different  divisions  will  then  be, 
respectively, 

0.615111.10,     O.G13m.m.y     O.Gil  m.m.,     0.608  m.m.,     0.605  m.m. 

Tills  calculation  having  been  made,  the  tube  is  covered  with  a 
varnish  such  as  is  used  in  etching,  and  the  stops  on  the  wheel 
opr  (Fig.  846)  so  adjusted  as  to  limit  its  motion  to  0.615  of  one 
revolution.  The  point  of  the  graver  is  also  adjusted  to  the  first 
pencil-mark,  and  a  cut  made  through  the  varnish,  exposing  the 
glass.  The  handle  M  is  now  turned  until  its  motion  is  arrested 
by  the  stop,  and  another  cut  made.  The  motion  of  the  handle 
having  been  reversed,  the  same  process  is  repeated  thirty  times, 
when  the  pomt  of  the  graver  will  have  reached  the  second  pencil- 
mark,  and  thirty  degrees,  each  0.615  m.  m.  in  length,  are  marked 
on  the  tube.  The  adjustment  of  the  stop  must  now  be  changed, 
so  as  to  limit  the  motion  of  the  wheel  to  0.613  of  a  revolution, 
and  thirty  more  divisions  made ;  and  so  on  until  the  graduation 
is  completed,  when  the  tube  is  removed  from  the  engine,  and  the 
figures  which  serve  to  number  the  divisions  are  marked  in  with 
the  hand.  It  only  remains,  now,  to  expose  the  tube  to  the  vapor 
of  fluohydric  acid,  which  corrodes  the  glass  wherever  the  graver 
has  exposed  its  surface,  and  subsequently  to  verify  the  work  by 
passing  another  column  of  mercury  through  the  tube.  This 
should  cover  the  same  number  of  divisions  in  any  position,  and 
will  do  so  if  the  graduation  has  been  carefully  performed. 

Tlie  stem  of  the  thermometer  thus  adjusted,  a  bulb  is  blown 
upon  the  end,  or,  what  is  better,  a  cylindrical  reservoir  previously 
prepared  is  cemented  to  it  with  a  blowpipe.  The  capacity  of  this 
reservoir  must  be  proportional  to  the  size  of  the  tube,  and  to  the 
range  of  temperature  which  the  thermometer  is  intended  to 
cover.  Let  us  suppose  that  it  is  required  that  N  divisions  of 
the  thermometer  should  correspond  to  100®  C,  and  we  wish  to 
know  what  must  be  the  size  of  the  reservoir  for  a  given  graduated 
tube.     We  first  weigh  the  tube,  both  when  empty  and  when  con- 
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taining  a  column  of  mercury  which  covers  an  obeerred  nunhtittl 
divisions.     This  gives  lis  the  weight  of  mercurj,  tr,  oceufifiBf  a 

divisions  of  the  tube.     From  this  we  obtain  N — ,  tbetrc^jpAl  of 

mercury  which  will  fill  N  divisions,  and  by  [56]   JV  -r^-jf V 

the  corresponding  volume.  But  this  volume  repreeenta  the  tir 
pansion  which  the  mercury  in  tlie  reservoir  of  our  propoaed  Iher 
mometer  must  undergo  when  heated  from  0*  to  lOO*.  Now  «e 
know  that  the  apparent  ex[>ansion  of  mercury,  under  these  ci^ 
cumstances,  is  ^>^  of  its  volume  at  (f.  Representing,  tlien,  br  V 
the  unknown  volume  of  the  reservoir,  we  shall  have 


t:^  =  iV     .,,^^  V  •    and 

i}0 


i^i^y   *"^    ^"'^'''^iri^G^y   f*^J 


If  the  reservoir  is  spherical,  K=  J  jr  -D%  from  which  we  rsa 
calculate  the  required  diameter ;  and  if  it  is  crliiidricaL 
Fsrs  ^  ;r  D'  A,  from  which  we  can  approximatively  determioe 
the  nxpiired  Icngtli,  A,  when  the  diameter  is  known. 

The  tube  and  bulb  are  now  filled  with  perfectly  pure  mcmny, 
and  the  fixed  points  marked  upon  it  in  the  usual  way,  when  the 
thermometer  is  finished  and  ready  for  use.  Tlie  divisions  marked 
u[K>n  a  thermometer  ho  constructed  are  not,  of  course,  dcgreef  of 
either  of  the  three  scales  mentioned  in  (!218)  ;  but  it  is  alvayi 
ea^y  to  calculate  from  the  indications  of  this  arl>itranr  !tcal^  tlr 
corro!<[K>nding  degrees  of  the  Centigrade  scale.  We  a^oertaia.  *7 
observution,  the  numl>er  of  divisions  on  the  thcrmomet«.*r  betwerc 
the  freezing  and  l»oiling  points,  which  we  may  represent  by  .V, 
ami  nl>o  tlio  numl)cr  of  the  divisions  on  the  arbitrarv  scale  a^rrr^ 
s[K>n<ling  to  the  freczing-[>oint  (the  zero  of  the  Centigrade  sral^V 
n«*preM.Mit  this  numl>er  by  w,  the  doprvcs  of  the  Centigrade  s^ 
by  r°,  and  those  of  the  arbitrary  scale  by  A*.     We  have,  th«i, 

100 

N=  100'  C,  and  C*  =  -^  (.4*  —  w).     Suppose,   for  exampic, 

that  there  are  ft54  divisions  on  the  arbitrary  scale  betw#vn  ll.^ 
fix«Ml  piiiits,  and  that  the  freezing-|>oint  is  at  the  Wld  diTi«)«« 
from  the  bottom  of  the  scale ;  and  let  it  1k3  re<)uirod  to  determine 
U)  wliut  tem|H}niture  the  *2*>0th  division  corresponds  in  C^ati- 
praile  degrees.  We  shall  have,  T*  «=  i?f  (280  — 1:\2)  .  2T.<xV 
It  in  \\s\\n\  to  [)ro|mre  a  table  for  each  thermometer  thus  con* 
stnicted,  giving  the  temperature  in  Centigrade  degnwa 
spending  to  every  dtviMon  of  the  tube. 
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The  scale  of  a  standard  thermometer  should  always  bo  en- 
graved  on  the  glass  stem,  as  in  Fig.  347  ;  since,  if  it  is  engraved 
on  a  strip  of  metal  or  ivory  fastened  to  the 
tube,  the  expansion  of  the  scale  introduces  new 
sources  of  error  into  the  instrument.  It  is  also 
essential  for  a  good  standard,  that  it  should  in- 
clude the  boiling  and  freezing  points  upon  its 
scale.  Where  a  large  range  is  required,  the 
great  length  which  this  involves  may  be  best 
avoided  by  making  several  thermometers  with 
continuous  scales,  and  enlarging  the  tube  of  each 
instrument  at  those  parts  which  are  covered  by 
the  scales  of  the  other  thermometers  of  the  set 
A  thermometer  so  constructed  is  represented  in 
Fig.  348,  although  the  enlargement  is  very  greatly 
exaggerated.  It  is  possible  in  this  way  to  di- 
vide each  Centigrade  degree  into  twenty  parts, 
and  yet  include  both  of  the  fixed  points  on  the 
scale. 

The  length  of  the  degrees  of  a  tbermometer, 
and  hence  its  sensibility  to  small  differences  of 
temperature,  depends  upon  the  size  of  the  reser- 
voir as  compared  with  that  of  the  tube,  and  can 
be  increased  by  the  maker  at  pleasure.  No 
advantage,  however,  is  gained  by  increasing  the 
length  of  the  degrees  on  the  stem  beyond  a  lim- 
ited extent ;  since,  on  account  of  the  imperfec- 
tions of  the  instruments  noticed  in  the  last  section,  it  is  useless 
to  subdivide  the  Centigrade  degree  into  more  than  twenty  parts, 
and  only  the  most  carefully  constnicted  standards  will  bear  as 
great  a  subdivision  as  this.  Even  when  the  scale  is  graduated  to 
twentieths,  it  is  possible  for  a  practised  eye  to  estimate  the  hun- 
dredth of  a  Centigrade  degree. 

It  is  evident  that  the  smaller  the  absolute  size  of  the  bulb,  the 
more  rapidly  a  thermometer  will  be  affected  by  changes  of  tem- 
perature ;  and  hence  it  is  always  best  to  make  the  bulb  as  small 
as  circumstances  will  permit,  and  also  to  give  to  it  a  long  cylin- 
drical shape,  which,  for  the  same  volume,  exposes  a  much  greater 
surface  for  the  entrance  of  heat  than  a  sphere. 

The  size  of  the  column  of  mercury  in  the  stem  of  a  thermom- 


Fig.  847.        Fig.  848. 
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oter  18  90  small,  as  compared  with  that  of  the  stem  itaelC  that  h 
is  essential,  in  order  to  avoid  the  parallax  cauaed  bj  the  thick* 
noss  of  the  glass,  to  place  tlie  eje  in  reading  on  a  level  with  th* 
surface  of  tlio  column.  The  scale  of  a  delicate  thermoiiietar  ii 
always  best  read  through  the  telescope  of  a  cathetonietflr  (Fift. 
2G0),  placed  at  a  sufficient  distance  to  prevent  the  beat  of  th* 
body  from  affecting  the  instniment. 

(222.)  In  using  a  standard  thermometer,  it  is  important  lo 
immerse  both  the  bulb  and  the  stem  in  the  medium 
perature  is  to  be  measured ;  for  if  the  stem  of  the 
is  exposed  to  a  lower  temperature  tlian  the  bulb,  the  whole  of  the 
mercury  will  not  be  equally  expanded,  and  the  thermomeler  will 
indicate  too  low  a  temperature.  Since  in  testing  tlie  tempen- 
turc  of  a  small  quantity  of  liquid  this  complete  immerrioD  of  the 
thermometer  is  impossible,  it  is  necessary  in  such  caaes  to  add  h> 
the  observed  temperature  a  small  correction,  which  becomes  very 
important  when  the  temperature  of  the  medium  greatly  exeeedi 
that  of  tlie  air. 

In  order  to  illustrate  the  method  of  calculating  the  correctioe. 
let  us  8np|>ose  that  tlie  tliermometer  is  used  for  testing  the  vem- 
pcrattirc  of  an  oil-bath  ;  and  that,  while  the  bulb  and  a  portioa 
of  the  stem  are  immersed,  ttie  greater  part  of  tlie  mertarr- 
column  is  aliove  the  surface  of  the  liquid,  as  represented  in  Rf . 
401.  It  is  now  required  to  determine  how  much  higlier  the  the^ 
moraeter  wonid  stand  if  the  whole  column  were  exposed  to  the 
same  temperature  as  the  bulb.  For  this  purpose,  we  will  reftr- 
sent  the  different  quantities  entering  into  the  calculatiocts  at 
follows :  — 

X  =  ihc  unknown  trmporature  of  the  bath. 

f*  =  the  temperature  indicated  by  the  tbennocnetor. 

fi*         =  the  mean  temperaiun*  of  the  mercury  in  the  Mem,  a«rertanie«i 

by  plA4*in^  in  contact  with  it  the  bulb  of  a  rauiU  thi  nmii 

tcr  at  alMHit  mid-hei^ht  of  the  column. 
$  =  the  numlier  of  dep*ee«  which  the  portion  of  the  memrr'<tABmn 

alioTc  the  nurface  of  the  bath  occupica  in  the  ihemoawtrr- 

tul>e. 
r* — ^*=  the  difference  of  temperature  between  the  tmlb  and  the  iioi 

appfx>ximatively. 

It  \n  evident  that,  if  the  temperature  of  the  mercury  above 
the  surface  of  the  bath  were  increased  i*  — 1|*,  the 
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irould  indicate  the  true  temperature ;  so  that,  to  find  the  cor- 
rection required,  we  have  only  to  calculate  how  much  a  column 
of  mercury  measuring  0  degrees  on  the  scale  will  increase  in 
leng^  when  its  temperature  is  raised  f  —  ^,*.  The  apparent 
expansion  in  glass  of  a  given  volume  of  mercury,  amounting  for 
each  degree  of  temperature  to  ^Vn>  will  amount  for  f*  —  t^  to 

— ^  '  of  the  whole.  Hence,  a  quantity  of  mercury  which  fills 
one  degree  of  a  thermometer-tube  will  fill  1  -j — 6S8?r  ^^K''^^^ 
of  the  same  tube  after  its  temperature  has  risen  f  —  tx* ;  and  in 
like  manner  a  quantity  of  mercury  which  fills  0  degrees  of  a 
thermometbr-tubo  will  fill,  after  the  same  rise  of  temperature, 

0  -[-  /.qon—  degrees.  In  other  words,  the  column  of  mer- 
cury  above  the  surface  of  the  bath  would  rise  — ^^oUh*  de- 
grees, if  its  temperature  were  raised  to  that  of  the  bath.  This, 
then,  is 'the  correction  required,  and  we  have,  in  any  case. 

Since  the  mean  temperature  of  the  mercury-column  can  never 
be  accurately  determined,  there  is  always  an  luicertainty  in  re- 
gard to  the  value  of  the  correction  ;  and  it  is  therefore  best,  when 
practicable,  to  avoid  the  necessity  of  any  by  immersing  the  whole 
stem  in  the  bath. 

(223.)  A  thermometer  indicates  temperature  by  either  receiv- 
ing or  imparting  heat  until  its  own  temperature  is  the  same  as 
that  of  the  body  tested.  It  is  therefoi-e  evident  that,  unless  the 
temperature  of  the  body  is  maintained  constant  by  accessions  of 
heat  from  some  external  source,  a  thermometer  will  give  correct 
indications  only  when  its  own  mass  bears  a  very  inconsiderable 
proportion  to  that  of  the  body.  This  very  obvious  fact  must  be 
carefully  borne  in  mind  while  using  the  instrument ;  and  when 
the  quantity  of  heat  which  the  thermometer  receives  or  imparts 
is  appreciable,  the  change  of  temperature  which  is  thus  caused 
in  the  body  must  be  calculated,  and  the  observations  corrected 
accordingly.  The  student  will  be  able  to  devise  methods  by 
which  the  correction  can  in  any  given  case  be  estimated,  after 
studying  the  sections  on  Specific  Heat. 

For  further  information  in  regard  to  tlie  construction  and  use  of 
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standard  tliertnometen,  we  would  refer  the  atudent  lo  the  tqI- 
ume  of  memoirs  of  RcgnaiiU  already  noticed,  and  lo  a  note  bf 
J.  I.  Pierre,  published  in  tlie  Annaifi  de  Ckimit  el  Je  PkfMt^m, 
8"  Scric,  Tom.  V.  p.  428. 

(224.)  Houte  Thermometers. — The  scales  of  ordinarr  tlwr- 
mometers  arc  {puduatcd  on  stripe  of  wood,  metal,  or  ivorr.  is 
whicli  the  tube  is  subsequently  attached  (Fif-  MVt- 
Such  thermometers  are  less  fragile  and  more  easilj 
read  thoy  those  graduated  on  the  stfm,  and  at  the 
(tamo  time  are  sufficiently  accurate  for  dctcrminine 
the  temperature  of  a  Itatli  or  of  a  room,  and  furmuM 
meteorological  observations.  They  are  not,  liowewr. 
usually  graduated  from  the  two  fixed  points,  as  de- 
8cril)cd  in  (*21M),  but  by  comparison  with  a  ftaxidanl 
tlicrmomcter.  For  this  purpose,  the  iustnimcnt  to  be 
gruduatod  and  the  stundard  are  dipped  together  iolo 
a  l>ath  of  water.  Care  being  taken  to  maintain  tb« 
water  at  the  same  temperature  for  some  time.  Ox 
iiuml>cr  of  degrees  indicated  by  the  standard  is  tbea 
marked  on  the  stem  of  the  new  instrument  at  the 
lercl  of  the  roereiiry-column.  In  the  lame  way,  Inr 
changing  the  tcm|>er(tture  of  the  bath,  several  other 
puiuts  are  determined.  These  are  sulneiiueutly 
tranjifi-rred  to  the  strip  on  which  the  M-ale  i<>  tt>  be 
etipnivi-il.  and  tliu  distance  l>eiwe).>n  them  diTiikii 
into  till-  nunilicr  of  deprees  nHiuirod. 

It  has  Im'i'h  found  almost  impossi)>le  to  maintain 
a  li>|iii<l  b:Uli  ill  the  sunie  teni|N?raturo  in  all  its  part* 
for  uiiy  k'ii);lti  i>f  lime,  when  this  ton)]ieralnn>  coo- 
sidiTiihly  cxwifN  thai  of  the  air  :  «» that  wo  caiimrt 
In.'  certiiin  timt  two  thermu meters.  di|ip«M  tniD  tb* 
liDili  siili-  Ky  sic).',  hiivi-  )H-ru  ex]H>si'd  to  I'xacity  ii»e 

"*'"'■        sunn-  .ii-uT if  InMt.     The  mctlnxl  of  gradnati'«n 

just  di'x'rilied  mii;ht,  ihiTt>fi)ri',  never  tn  W  u««-»i  for  an  iii*ini- 
ni'-iit  iif  pHvi^iiiii :  hut  it  is  '■uftieiently  accurate  for  comm-vi 
liim*.'  th'Tui'mii-l.Ts.  Tlieve  instruments,  when  well  made,  may 
1n>  rt.'Ii.-il  u|>(ui  to  within  n  F:ilin'nheit  (Icgri-o  ln-iwivn  the  iwo 
lixed  iH.iiiis:  tiiit  lieyoiid  t)i<'"'  jioints.  and  e>|M>ftanT  lioluw  thr 
frei'7iutf.(MiinI,  they  are  rnvpienlly  very  crmiioous.  Two  ther 
mometers  hnnging  side  by  side,  which  have  l>een  made  by  the  bert 
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makers  with  their  usual  care,  will  not  unfrequently  differ  several 
degrees  when  the  temperature  is  below  0*  P.,  —  a  fact  which 
accounts  for  the  great  discrepancies  in  the  obserrations  of  low 
temperatures. 

(225.)  Thermometers  filled  with  other  Liquids.  —  Mercury 
boils  at  360"  C.  and  freezes  at  — 40*",  and  the  range  of  a  mer- 
cury tliermometer  is  necessarily  confined  within  these  limits  of 
temperature.  Moreoyer,  near  its  freezing-point  the  rate  of  ex- 
pansion of  mercury  becomes  very  irregular,  and  its  indications 
cannot  be  relied  upon  below  — 36",  or  even  — 35"  C.  Degrees 
of  temperature  above  360"  are  measured  by  means  of  a  class  of 
instruments  called  pyrometers,  .which  will  be  described  in  con- 
nection with  the  laws  of  expansion  of  solids  and  gases  ;  while 
for  temperatures  below  — 36",  we  use  thermometers  filled  with 
alcohol,  or  other  liquids  which  do  not  freeze  even  at  these  great 
degrees  of  cold. 

There  is  no  other  liquid  which  can  be  compared  with  mercury 
in  its  fitness  for  filling  thermometers.  The  great  range  of  tem- 
perature between  its  freezing  and  boiling  points,  the  fact  that  it 
does  not  adhere  to  the  surface  of  glass,  and  that  it  can  readily 
be  obtained  perfectly  pure,  are  all  circumstances  which  pecu- 
liarly adapt  it  to  thermometric  purposes.  It  is  true,  as  we  have 
seen;  that  the  rate  of  its  expansion  increases  with  the  tempera- 
ture ;  still,  between  the  two  fixed  points  the  change  is  so  slight 
that  the  indications, of  the  thermometer  are  not  perceptibly  af- 
fected by  it.  This  is  not  true  of  thermometers  filled  with  any 
other  liquid.  Such  thermometers,  when  graduated  on  the  same 
principle  as  the  mercury  thermometer,  give  results  which  are 
entirely  at  variance  both  with  it  and  with  themselves.  For  ex- 
ample, Deluc  obtained  the  following  comparative  results  with 
thermometers  filled  with  mercury,  oil,  alcohol,  and  water.  The 
numbers  in  tlie  same  vertical  column  of  the  table  are  the  tem- 
peratures indicated  by  these  several  thermometers  when  immersed 
in  the  same  bath. 


Mercury, 

—12.5 

— 6!25 

0 

0 

25.0 

5o!o 

Ib.O 

100 

Oil, 

0 

24.1 

49.0 

74.1 

100 

Alcohol, 

—9.6 

—4.90 

0 

20.6 

43.9 

70  2 

100 

• 

Water, 

0 

5.1 

25.6 

57.2 

100 
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Pimilar  results  wcro  also  obtained  by  M.  Pierre,  in  his  rtrt 
extended  inve8tigation  of  tbe  expansion  of  liquids,  durinf^  which 
ho  compared  thermometers  containing  twelve  diflRrrent  li«|otd4 
with  the  mercur)'  thermometer.  As  is  shown  by  the  abcire  t> 
bk^,  he  found  the  water  thermom4»ter  the  most  definrtive.  Tlur- 
moineters  filled  with  alcohol  or  with  sulphide  of  earlMin  tr^^'* 
less  erroneous  results  ;  but  of  all  the  liquids  he  examined,  com- 
mon ether,  chloride  of  ethyle,  and  bromide  of  elhyli%  were  I  '^t^t 
irn»jrtihir  in  their  rate  of  expansion,  and  are  tlierefore  U* : 
adapted,  after  mercury,  for  fdlinj^  thermometers. 

N<.»vt»rtheh»ss,  alcohol  thermometers  are  penerally  u«h1  f>r 
measurin<;  very  low  tem{>erature8.  They  arc  gjaduatetl  by  cor^v- 
[mrisoii  with  standard  mercury  thermometens  in  tlic  way  d-MTi'*-! 
in  the  last  section,  taking  care  to  have  a  large  numUT  of  |M»int« 
of  com[Kirison,  which  should  l)e  an  near  together  as  po^>iblt».  l»ut 
<»vt'ii  when  graduated  with  the  greatest  can?,  such  thennomet«T« 
tlo  not  give  indications  which  accord  with  each  other,  or  with  a 
nitMH'ury  thermometer.  Ca[>tain  Parry,  in  his  Arctic  voyag**!<,  oI»* 
serv4Ml  diderences  of  10®  C.  Ix'tween  alcohol  thermomctem  of  tin* 
U^st  makers;  and  similar  facts  were  noticinl  lioth  bv  Fnuiklin  ai^'I 
by  Kane*.  Thrse  discn.»|)ancies  unquestionably  originated  in  [art 
fr«>ni  llie  impurity  of  the  alt*ohol,  or  fmni  other  errori  of  oi*:> 
^trurtion  ;  luit  thry  are  also,  to  a  certain  degnv,  inlu*n*nt  in  tV 
tli«'niionit'ttT  itsrlf.  An  accurate  instrument  ft»r  m«*a>urinc  1"» 
t  Mn|M'raturrs  is  still  luur  of  th«»  gn»at  d«»siilerala  of  Si.Mt»nc»». 

(  --•>.  )  Mdj'imum  atui  Minimum  Thermomrtrrs,  —  It  i^  {r^- 
qufiitly  d«'^ira)»lt'  to  liavr  \\\r  means  of  dt*termining,  witbiuu  ili*:' 
aid  of  an  ob^rrvrr,  th«'  bitri»«'>t  or  lowrst  tem|>«»nitun»  wbh*h  !.i* 
o<M'urnMl  (iiiriiiir  the  niirlit,  or  any  other  int«'rval  of  iini«*  ;  a.,  i 
for  this  purpo«*r  a  j/n'al  vari<'ty  of  s«'lf-n»gisl«Ting  lhiTni'»u»« :  '• 
havt»  luMMi  iiivrntrd.  Onr  of  the  sinipb'st  i'^  that  of  Kullior:-ni 
(  Fi  IT.  •'*>'»*  O.  Tliis  ron».i>ts  of  t\vi»  thi'nnonielrpj,  fa^ti^nt^i  l*x 
plat*'  of  wimmI,  (»r  stiun*  oth«*r  material.  Tht*  tuln's  of  the  li:-  :■ 
mniip't'Ts  an'  Im'iiI  at  riL'lit  aiiL'h's  ju'^t  alH»\e  tbe  buUn.,  a>  r :- 
rr-i-Mti«i  in  tlie  fitrun*,  and  thi»  in^trum<*nt  wb«'n  in  u*«'  ;* 
su^p«ipl«'d  by  a<'oni,  so  ih;il  th«'  two  sl«'uis  >hall  U*  in  a  b«»rt2*ihtul 
|H»Nitioii.  Thf  npjM-r  th»'rui«»iiifti'r  i>  till  'd  wiili  m«Ti-ury,  and  la 
iVoht  «»f  thi*  ni'TfnryM'obniui  a  >liorl  pii*rt»  nf  iron  >iir»»  i*  pl-io-i 
in  lli  •  IiiIm'  (  •*«*rii  at  .!  ),  which  In  pU'»hr«l  fornard  bv  tb««  nn'n't;:^ 
and  h-U  at  tht;  higbe^^t  |M>int  whieh  the  column  reaclnai,  thus  iudh 
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eating  the  maximtun  temperature.  The  lower  thermometer  is 
filled  with  alcohol,  and  the  tube  contains  a  small  enamel  cylinder 
(seen  at  5),  surrounded  by  the  liquid.  As  the  alcohol  expands, 
it  readily  passes  by  the  enamel  cylinder ;  but  when  it  contracts, 
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Fig.  860. 

the  cylinder  is  drawn  back  with  the  receding  column,  and  left  at 
tlie  lowest  point,  indicating  the  minimum  temperature  during  tlic 
same  period.  After  each  observation,  the  enamel  cylinder  is 
brought  to  the  end  of  the  alcohol-column  by  inclining  the  instru- 
ment ;  and  in  like  manner  the  iron  wire  is  restored  to  the  end 
of  tlie  mercury-cohmin  by  means  of  a  magnet. 

Tlie  iron  wire  in  the  tube  of  Rutherford's  maximum  thermom- 
eter is  liable  to  become  immersed  in  the  mercury,  if  the  instru- 
ment is  not  carefully  handled ;  and  when  this  accident  occurs,  it 
is  very  difficult  to  remedy  the  evil  without  refilling  the  tube. 
Negretti  and  Zambra  have  invented  a  maximum  thermometer 
which  is  not  open  to  the  same  objections.     Between  the  bend  d 


Fig.  851. 


and  the  bulb  (Fig.  351)  they  insert  into  the  tube  of  the  ther- 
mometer a  small  rod  of  glass,  a  b,  which  nearly  fills  tlio  bore. 
When  the  mercury  expands,  it  pushes  by  this  obstruction ;  but 
when  it  contracts,  the  colunm  breaks,  leavmg  the  head  of  the 
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column  at  tho  highest  point  it  had  attained.  On  taminf  tht 
thermometer,  so  that  its  stem  shall  have  a  vertical  positi«m,  the 
mercury  readily  passes  back  to  the  bulb,  in  virtue  of  its  wrishc 
Wairerdin*s  maximum  thermometer  is  represented  in  Figr.  3S± 
It  is  made  like  an  ordinary  mercury  thermometer,  only  tlie  upfwr 
part  of  its  stem  is  surrounded  by  a  reservoir  containiuc 
mercury,  which  is  so  arranged  that,  when  tho  instnuiient 
is  inverted,  the  end  of  its  tulxs  dips  under  tlie  memtrr 
in  the  reservoir.  No  graduation  on  the  stem  if  nc'cev 
sary  ;  but  iN'foro  the  instrument  is  to  \n3  used,  Uie  bulh 
nmst  )>c  heated  until  the  mercur>'  overflows  the  end  of  the 
tul>e.  It  is  then  inverted ;  when,  on  cooling,  the  mercarv 
rises  from  tho  reservoir  by  meclianical  adhesion*  com- 
pK'tcly  filling  tho  stem.  If  the  thermometi»r  is  now 
rephu'ed  in  position,  its  bulb  and  tube  being  full  of 
nitMVury,  it  is  evident  that,  as  the  temperatun^  ri««9«  the 
mercury  will  priulually  flow  over  from  the  tube  into  ib^ 
rt'servoir ;  and  when  the  tem|ieraturc  subsequently  fidl«. 
the  mercury,  contracting,  will  leave  an  empty  upaee  it 
th(^  top  of  the  tu)>e.  The  highest  temperature  to  which 
tho  instrunuMit  bus  l>een  exposed  is,  then,  that  at  which 
tho  nioroury  remaining  in  the  bulb  and  stem  ju^t  filb 

thoiii  lM>th  i.M»nipIotrlv  ;  and  this  can  Ik?  a9o*rtain«'«i  '♦» 

I         *  • 

(r(»iiiparis<)ii  with  a  stainhird  tliormoniotor,  phu-iiiir  U^h 
in  a  wat<T-bath,  |xra«liially  boating  it,  an«l  ol»«T\iiik'  li*- 
t«*in|M'raturo  iiulifatiMi  by  tho  standanl  when  llio  m-  n.u- 
rial  rnluiiiu  n'a»'li«»s  tho  tup  of  tho  st«Mn. 
Tli«'  Naiih*  prinoiplt*  lias  U'on  applied  by  Walft-niiii  f  • 
r»/.  vi  n»«*a*»uriii;^^  vtTV  small  iiiir«»nMioos  of  tom|N»ruiun'.  T". 
tlnTnn»mrt«T  for  ibis  [»ur|M>M»  may  U?  tNmstruri«Ni  in  |o- 

t'i-^^'lv  tin*  >ann*  wav,  onlv  it  is  nia<lo  oxtn'Uiolv  M*n*»itivf,  hj  ii..i: 

.  •  •  • 

an  r\pan^ion  n»rn'^|Hiniiin>r  to  four  CrntiCT^ado  di'trnn**  iii»u*. 
rai'-f    tin*    ni«*n'urvH«>lunin    tliri»ut:li    iln'    whole    hMitrth   of    \l. 

m 

>ti'ni.  Tin*  strni  i-*,  inoroovrr,  \«Ty  ran*fiilly  imiduatM  m;.' 
parl*»  t>f  «*<|nal  capafily,  «'arh  divi*-ion  oorn»«»|»ondinir  to  a  ii-n 
small  fiMrtinn  i^f  a  il«'L'n*«».  To  show  Imw  thin  tht'nnotiu'ltT  ;* 
u*>«*'l.  l»t  w*  MipjM^M*  that  Ml'  \vi*»h  to  oIjmtvo  the  ti*ni|»*rutun*  ai 
\^lii«*li  wal«T  l»oiK  iindtT  <lit1fn»nt  atnn»phorio  pn*?«»itn*i(.  mher* 
tli«»  \vliol«»  |H»ssiliK»  \ariation  i^  U^twot^n  1<»P  and  1*h*.  We  »li4»uM. 
in  tb«>  tir^-t  plaio,  ex[MjH.*  tli«*  in^^tninKMit  to  a  trmpcrmtureof  IMl't 
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as  indicated  by  a  standard  thermometer,  and  wait  until  the  ex- 
cess o^  mercury  had  overflowed  into  the  upper  reservoir.     On 
now  allowing  the  temperature  to  fall,  the  mercury-column 
will  rapidly  sink  in  the  tube,  and  at  97**  will  already  have     ^ 
receded  into  the  bulb.     The  tliermomcter  is  now  in  con-     „^ 
dition  to  measure  with  great  accuracy  differences  of  tem- 
perature between  OS""  and  lOl"* ;  and  in  like  manner  it 
may  be  adjusted  to  any  other  range  of  four  degrees.     If, 
for  example,  the  division    on  the  stem  correspond  to 
thousandths  of  a  Centigrade  degree,  and  we  observe  a 
difference  in  the  boiling-point  of  water  under  two  differ- 
ent pressures  equal  to  fifteen  of  these  divisions,  we  con- 
clude tliat  the  temperature  is  0.015  of  a  degree  higher 
in  one  case  than  in  the  other.     Since  the  quantity  of 
mercury  which  forms  the  thermometer  differs  with  the 
range  of  the  instrument,  it  is  evidently  necessary  to  de- 
termine the  value,  in  fractions  of  a  Centigrade  degree,  of 
one  of  its  divisions  after  each  adjustment.     The  form  of 
reservoir  represented  in  Fig.  352  is  difficult  to  make,  and 
there  is  generally  substituted  for  it  a  simple  enlargement 
of  the  upper  end  of  the  tube,  as  represented  in  Fig.  353. 
The  neck  of  the  bulb    B   is  strangled  at  C,  so  that  a 
slight  tap  given  to  the  tube  while  tlie  instrument  is  cool- 
ing causes  the  column  to  break  at  that  point,  leaving  the  j^  gca. 
excess  of  mercury  in  the  bulb. 


THERMOSCOPES. 

(227.)  Air  Thermometers.  —  The  name  thermoscope  (^Oepfirj^ 
atcoTreo)^  is  a  convenient  designation  for  a  class  of  instruments 
which  are  used  chiefly  for  detecting  slight  changes  of  temper- 
ature, and  not,  like  the  thermometer  (depiirj^  fiirpov^^  for  de- 
termining its  value  in  degrees.  In  a  largo  number  of  thermo- 
scopes,  these  variations  are  indicated  by  the  change  in  volume 
of  confined  air,  which  not  only  expands  very  regularly  and 
quickly,  but  also  to  a  very  much  greater  degree  than  liquids,  for 
the  same  increase  of  temperature.  Such  instruments  are  fre- 
quently called  air  thermometers ;  but  they  must  not  bo  con- 
founded with  the  air  thermometer  of  Regnaiilt,  which  gives  the 
most  acciirate  measures  of  temperature  that  we  can  attain. 
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The  air  thermometer  represented  in  Fig.  854  k  ateritieffl  to 
Sanctorius,  an  Italian  philosopher  of  the  seventeenth  centarr, 
and  is  8iip|)oscd  by  some  to  have  been  the  first  instrument  used  (nr 
measuring  temperature.  It  consists  of  a  bullied  tube,  wIiom^  n- 
tremity  rests  iu  an  open  vessel  containing  colored  water,  whirh 

also  partially  fills  the  tul>o.  When  tlio  Imlb  t« 
heated,  the  liquid  falls  in  the  tulic«  and  ri««-« 
when  the  bulb  is  cooled.  Tlie  tulie  is  genenillr 
fastened  to  an  upright  piece  of  wocm1«  on  whk-h 
a  scale  of  equal  parts  is  |>ainted.  In  anotii«»r 
form  of  the  same  instrument  ( Pig.  S;V>  >«  tlie 
expansion  of  the  air  is  indicated  by  the  mi»tM»n 
of  a  drop  of  colored  liquid  in  the  stem  at  A. 
These  instruments  are  evidently  aflcH*tcd  by 
the  varying  pressure  of  tlio  atmosphere,  and 
are  necessarily  imperfect. 

The  same  objection  does  not  a|>ply  to  the  dit 
ferential  thermometer  of  Leslie,  usi*d  bv  him 
in  his  ex|)eriments  on  the  radiation  of  beaL 
This  consists  (Fig.  3<V>)  of  two  bulbs  con- 
nected together  by  a  glass  tulie  bent  twice  at  rigiit  angles.    The 
bulbs  contain  uir,  and  the  connecting  tul)e  is  half  filled  with  dJ- 
ored  litjuid,  which,  when  the  thermometer  is  at  rest,  stands  at  the 


j 


^^'^^^^^^^t  ^^^-^^^ 


rif.  a&4.       rif.  fift. 


fW  3.'#'.. 


r^v. 


Kinu*  ln*ii:bt  in  th«»  two  limbs  <if  the  ^ipnon,  and  r^main^  in  thi* 
|M»sitinii  H»  loiiir  as  tin*  two  liiilbs  un»  o(|ually  ln^ate^l.  Any  dif- 
frn'iM**'  ill  tbr  l«'ni|MTati!rt'  <»f  th«*  two  Imi1I>s,  howovcr,  is  at  tmr^ 
indicated,  as  n^prcsentcd  in  the  figun\  by  a  diflereuce  of  level  in 
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the  two  liquid  columns,  and  can  be  measured  by  means  of  the 
scales  painted  on  the  wooden  frame  which  supports  the  tube. 
This  is  tlie  only  thermoscope,  of  its  class,  of  any  scientific  value. 
In  a  limited  number  of  cases  it  furnishes  an  instrument  of  great 
utility  and  delicacy,  and  its  indications  are  comparable  with  each 
other. 

Rumford's  differential  thermometer  (Fig.  357)  is  merely  a 
slight  variation  of  Leslie's,  the  difference  in  the  temperature  of 
the  two  bulbs  being  indicated  by  the  motion  of  a  drop  of  sul- 
phuric acid  along  the  horizontal  tube,  which  is  made  somewhat 
longer  than  in  Leslie's  instrument,  and  surmounted  by  a  scale  of 
equal  parts.  There  are  several  other  forms  of  air  thermometers, 
but  they  are  not  of  sufficient  importance  to  require  notice. 

(228.)  Thermo-multiplier. — But  of  all  instruments  for  detect- 
ing and  measuring  slight  differences  of  temperature,  by  far  the 
most  delicate  and  accurate  is  the  thermo-multiplier  of  Nobili  and 
Melloni.  The  principle  on  which  this  instrument  is  based  was 
discovered  by  Seebeck,  of  Berlin,  in  1822,  and  may  be  briefly 
stated  thus. 

If  two  metallic  bars,  of  different  crystalline  texture  and  unequal 
conductuig  powers,  are  united  at  one  end  by  solder,  and  the  point 
of  junction  heated,  a  current  of  electricity  is  ex- 
cited, which  flows  from  the  point  of  junction  to- 
wards the  poorer  conductor.  Thus,  if  the  junction 
of  two  bai-s  of  bismuth  and  antimony  (Fig.  358) 
is  heatied,  and  their  free  ends  are  connected  by 
wires,  the  current  flows  from  the  antimony  to  the 
bismuth  at  the  junction,  and  from  the  bismuth  to 
the  antimony  on  the  conducting-wire  connecting  ^  ggg 

the  free  ends  of  the  bars.  If  cold,  instead  of  heat, 
is  applied  to  the  junction,  a  current  is  also  established,  but  in  the 
opposite  direction.  Similar  results  can  be  obtained  with  other 
metals,  which  may  be  arranged  in  a  thermo-electric  series  in  the 
following  order  :  bismuth,  platinum,  lead,  tin,  copper  or  silver, 
zinc,  iron,  antimony.  The  most  powerful  combination  is  formed 
of  those  metals  which  are  most  distant  from  each  other  in  the 
list,  and  in  every  case,  when  the  junction  is  heated,  the  current 
flows  through  the  conducting-wire  from  those  which  stand  first 
to  those  which  stand  last. 

The  most  powerful  current  is  produced,  as  the  above  series 
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shows,  by  thfj  combination  of  l>ismnth  and  witiinonx ;  bat  •  m(^ 
pair  of  bans  ovcii  or  Uioso  moUU,  produces  only  a  rery  leeiie 
effoct.  Tlio  forco  of  tho  electric  current  can,  botroTer,  be  nrj 
greatly  iiicroosod  by  uniting  togotlicr  soreral  pair*  of  tbeae  ban. 
as  represented  ut  a  b.  Fig.  S59,  aud  connecting  togetber  the  fm 
ond  of  the  first  bismiitb  bar  vitli  that  of  tlio  last  autitnouy  bar. 
Sucb  au  arrangemout  is  colled  a  tkermo-eUclric  fUe.    ^ince  ibe 


force  of  t]>e  current  is  not  found  to  depend  on  the  sixe  of  the  ban. 
they  tuuy  be  made  very  small  ;  in  Melloni's  thermo-multiplwt 
thirty  |iairs  of  bi>iiiuith  and  antimony  l>ars  are  packed  away  in  tbf 
small  lirufis  case,  r  d.  Fig.  3>'i'.>,  not  more  than  two  or  tliree  cenlinx^- 
tres  loii^.  The  suldered  ends  of  those  |>air!<,  i-ulle^l  the  faett  <> 
thv  pilf,  are  seen  ut  c  and  d:  aud  tho  two  eu|>s,  o,  o.  ralW  iIa' 
/w/'x  of  I  he  pile,  aiv  directly  connected  with  the  fn-o  cuds  of  Un 
twu  lenninul  bars.  Finally,  the  fuoes  of  the  pile  are  prutcrted  f.^ui 
any  laloisil  aeliuii  liy  a  Ilra^.>l  cap.  t,  blackened  inHdo.  and  havu.j 
a  niovabit'  H-reon.  e,  in  front,  ur  by  a  brass  cone  puUi'lii.'d  <>u  iii 
iiiterinr  surface,  whiob  servos  to  eoncentrulc  lire  rays  of  heal. 

When  the  two  faci's  i>f  the  iboniicHilectric  pile  an*  opuIW 
boatt'ii,  no  oloetrieal  liisiurbanoe  results  :  but  the  ^liphti'^t  ditfi-r- 
Kuw  uf  teiii|H-rmum  oauses  u  (low  of  oloctrieity  throut!)i  llw  wirv 
ciiiiiin.'iiu^  the  twi)  )ii)U's.  Tho  direotion  iif  (he  CMrrvnl  i»  di-t^r- 
miii<'<l  l>y  ibo  n-liiiivo  |>o>itious  of  the  Itart,  ulwuy<t  folluwini;  tl>.' 
rule  sliitiil  ;i)h)Vi-.  Tlie  f(in-e  of  tins  oiirr\>ut,  altliuutth  niuvl 
fffiMiiT  Ihau  that  of  the  current  from  a  sinfile  |iair  of  bar*,  i* 
^till  ff.-ble.  and  can  only  Ih>  detected  by  a  very  dvlicaU'  iril<* 
nuuieter.     This  iustrument  will  bo  described  in  detail  hereaftrf 
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Fig.  361. 


It  is  suffioient,  for  the  present,  to  state  that  it  is  an  application 
of  the  remarkable  facts  discovered  by  Oersted  in  1820.  This 
eminent  physicist  observed,  that,  if  a  conducting-wire  through 
which  an  electric  current  is  passing  is  placed  directly  over  and 
parallel  to  a  magnetic  needle 
(Fig.  861),  the  north  pole  of 
the  needle  is  deflected  to  the 
right  or  to  the  left,  according 
to  the  direction  of  the  current. 
If  the  conducting-wire  is  placed 
under  the  needle,  it  is  also 
deflected,  but  in  the  opposite 
direction.  Hence,  if  the  con- 
ducting-vKre  is  formed  into  a 
loop,  and  placed  around  the 
needle,  and  at  the  same  time  parallel  to  it,  in  such  a  manner  that 
the  current  may  flow  from  north  to  soutli  above  the  needle,  and 
from  south  to  north  below  it,  the  two  portions  of  the  wire  will 
conspire  to  deflect  the  needle,  and  the  efiect  of  one  and  the  same 
current  will  be  doubled.  By  turning  the  wire  again  round  the 
needle,  tlie  efiect  of  the  same  current  will  be  quadrupled,  and  by 
repeating  the  turns,  as  in  Fig.  862,  the  dcflecthig  force  may  be 
multiplied  to  a  very  great  extent ;  and  thus  the  deflections  of  a 
magnetic  needle  may  become  the  means  of  detecting  a  very  feeble 
electric  current.  The  galvanometer  represented  in  Fig.  3G0  is  a 
direct  application  of  this  principle.  The 
conducting-wire,  which  is  covered  with  silk, 
is.  wound  round  the  ivory  frame  aba  great 
number  of  times,  and  terminates  at  the  two 
ends,  n,  n'.  The  magnetic  needle  is  sus- 
pended, so  as  to  oscillate  freely  within  the 
ivory  frame,  by  means  of  a  single  strand  of 
raw  silk,/;  and  when  at  rest,  its  axis  is  parallel  to  tlie  turns  of 
the  conducting-wire.  Parallel  to  the  first  needle,  and  immovably 
connected  with  it,  is  a  second  needle,  /,  which  oscillates  just  above 
a  graduated  arc,  and  thus  indicates  the  amount  of  deflection. 
This  needle  also  serves  another  purpose.  Its  north  pole  is  placed 
directly  over  the  south  pole  of  the  first  needle,  and,  botli  being 
of  equal  force,  the  action  of  the  earth's  magnetism  on  one  is  bal- 
anced by  its  action  on  the  other.    A  needle  so  arranged  is  termed 
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attatic,  and  will  remain  in  any  position  in  wliicli  it  may  bo  i^aceJ. 
Uorcorcr,  tlio  action  of  an  olcctric  current  upon  it  is  not  iiiA>i- 
enced  )>y  the  magiictiGm  of  tlie  eartli.  The  graduated  (li>k  /ft 
referred  to  rests  ou  tlie  ivory  frame,  and  is  made  of  copper,  «liii'li 
has  the  cflect  of  deadening  the  oscillations  of  tlio  needle.  When 
in  use,  the  two  |)oles  of  the  thermo-electric  pile  (o,  o",  Pip.  £.'>'.•) 
are  connected  with  the  ends  (n,  n'.  Fig.  360)  of  the  conducting 
wire,  which  is  wound  round  the  frame  of  the  galraoonicter. 


The  apparatus  is  tto  tlclicale,  that  the  heat  of  the  band,  placed 
several  foot  in  front  of  the  cunic-nl  cap  O,  will  l>e  at  on<-e  pi>r\ipp- 
tilile.  liy  lii'HcutiiiK  the  needle.  Moreover,  when  the  di-H«-tt"n  is 
not  jrrealer  than  twenty  dctrrecs,  the  angle  of  dL-viaiion  i>  pnf»i^ 
tional  Ui  the  ditFcn-iicc  of  teiu|«Taturo  between  the  facs  of  ihf 
pih;,  anil  may  thcn.'foiv  lie  UM'd  an  a  meu.-^ure  of  the  inten*iiv  vf 
the  caluritic  ellcct  pnxluoi-d  on  one  face  when  the  other  is  eS|K>^ 
to  u  eoTistUiit  U;in|«!raturc,  Iteyoiid  twenty  depn*e»,  the  ohjIi? 
of  <li'vi:ttiiiii  is  no  lonp.'r  pm|Nirtioiiid  to  the  tem|N'ralurx- :  l-iil 
a  ciiile  run  Ih;  fii>ily  coustrui'tcd  fur  each  instrument,  in  whu-h. 
fur  iMi'h  di'frn-e  of  tifviation.  are  (riven  the  corrvsi>ondinc  diffvr- 
en.r>  .,f  iiMiii-cnitLir.-  of  lln'  two  faces.  MclUmi  do*"*  ru.i  eM.-tid 
tlii'v-  tjil>l.-s  iM-yuml  thirty-five  degrees.  In-causc  the  ►litrtite-l 
cliUMLie  in  tin;  |iositioii  of  the  axis  iif  sil«))ensii>u  nf  lh«  n<^l« 
wiiiild  ennM>  n  p^'M  crnir  in  its  indieations.  A  delleotion  '4 
thirtj-fivi;  ileirnt's  n)rn-|Mind«  to  a  difference  of  fnMn  hi\  to  elirht 
dejir.'.'*  in  the  t.'rii|-Tarnn'  of  the  two  faces  of  the  pile.  Thf 
iiiftrunii-nt,  as  ni<>iinl<'d  for  use,  with  its  varioos  scrociu  ud 
appcnduges,  is  n.>presented  in  Fig.  3t>3. 
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PROBLEMS. 

Thermometers, 

272.  It  is  required  to  change  into  Fahrenheit  and  Reaomar  degrees  the 
following  temperatures  in  Centigrade  degrees :  — 

Temperature  of  maximum  densitj  of  water,     ....  +  3^*87  C. 

Boiling-point  of  liquid  ammonia, —40 

"  "        sulphurous  acid, —10 

"  "        alcohol, +75 

"        phosphorus, 290 

mercury, 360 

273.  It  is  required  to  change  into  Centigrade  and  Reaumur  degrees  the 
following  temperatures  in  Fahrenheit  degrees :  — 

Meltingp-point  of  mercury, —40*^  F. 

"        bromine, —  4 

•*        white  wax, +158 

"        sodium, 194 

"tin ■       .      442.4 

"        antimony, 771.8 

Incipient  red  heat, 977 

Clear  cherry-red  heat,  .  ' 1,832 

Dazzling  white  heat, 9,732 

274.  How  many  degrees  Centigrade  and  Reaumur  are  n^  Fahrenheit  ? 

275.  How  many  degrees  Fahrenheit  and  Reaumur  are  n^  Centigrade  ? 

276.  At  what  temperatures  do  — x^  C.  equal  — x^  F.  ?  — x^  R.  equal 
_x°  F.  ?  —a:'  C.  equal  +x'  F.  ?  and  —a:**  R  equal  +a:**  F.  ? 

277.  The  boiling-point  was  marked  on  the  stem  of  a  mercurial  ther- 
mometer when  the  barometer  stood  at  74.65  cm.;  the  distance  between 
this  point  and  the  freezing-point,  previously  determined,  was  found  to  be 
21.54  c.  ro.  It  is  required  to  determine  the  position  of  the  true  boiling- 
point  on  the  stem  with  reference  to  the  first 

278.  Solve  the  same  problem,  representing  the  height  of  the  barometer 
by  Hy  and  the  distance  between  the  freezing-point  and  the  boiling-point 
by/. 

279.  In  order  that  a  mercurial  thermometer  may  measure  temperatures 
between  — 40®  and  -[-300**,  how  many  times  must  the  capacity  of  the  bulb 
be  greater  than  that  of  the  tube  ? 

280.  A  thermometer-tube  was  divided  into  1,500  parts  of  equal  ca- 
pacity, as  described  in  (221).  It  was  then  weighed,  first  when  empty, 
and  afterwards  when  containing  a  quantity  of  mercury  occupying  73  di- 
visions. The  difference  of  these  weights  was  0.008  grammes.  It  is 
desired  that  the  distance  between  the  fixed  points  should  be  divided  into 
about  1,000  parts,  and  it  is  required  to  find  the  volume  of  the  reservoir 
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ncc(»Mtnr}'  to  ciTect  this  object.     If  the  reservoir  is  tpberiody  wbat 

I>G  its  diameter  ?     If  it  i:*  cylindriciU,  what  mu!»t  be  its  l«»ngth,  ■*tmtnif^ 

that  its  diameter  is  0.r»2  c.  m.  ? 

281.  AAer  the  thermometer  of  the  hu<t  problem  was  made,  it  was  tband 
that  the  zero-|H>int  eorreii|ionde<l  to  the  2.')(Hh  division  from  the  bnilnai  fd 
the  (%ca!e,  an<l  the  l>ui!ing-|M)int  to  the  1^2dd.  To  what  temprratnr^  ikv« 
the  7Cr>th  divuiion  eorres|K>nd  ?  Prepare  a  table  giving  the  trmpmiurv 
in  Centigrade  degrees  corresponding  to  every  tenth  divisioa  on  tlie  tabr. 

282.  A  thermometer  was  graduated  with  an  arbitranr  sc«lr«  as  ahov»  -. 
the  zero-point  was  subsequently  found  to  coincide  with  the  56th  fli«t*icia. 
and  the  boiling-|M>int  with  the  245th  division  of  this  scale,  when  tkf 
barometer  stood  at  74.25.  It  is  requiriMl  to  prepare  a  table,  giving  th« 
temperature  in  Centigrade  degrees  correspoudiug  to  each  di%'iftjua  of  the 
scale. 

283.  Tlie  temperature  of  an  oil-lwith  wa<  ob^rved  with  a  merrtiry- 
tlK*rmometer  graduate<l  to  Centignwle  degrees  to  be  2r*0* ;  the  pi>rtiun  U 
the  mercuri'-column  in  the  stem  not  immerM*d  occupied  19*>*,  and  the 
mean  temperature  of  this  column  was  94^  Required  the  true  temprrv 
ture  of  the  liath. 

2'<4.  When  the  thermometer  of  problem  281  was  immen>ed  in  an  oil- 
bath,  the  mercun'  rose  to  the  500th  division  of  the  scale ;  the  portion  */ 
the  mercun'-column  in  the  stem  not  immersed  occupied  31>0  divi«tnfis,  ar*! 
its  mean  tem|>emture  was  8\4.    Required  the  true  temperatnre  of  the  balk 

285.  Reduce  the  following  temperatures,  ob«*ervi^l  with  a  mrrrwr- 
thermomet«*r  iniMle  of  crown-glass  to  degrees  of  the  air-thermomettT :  JtAf*. 

l«u\  2:Jo^  2<M>\  :nHi\  mid  :i2o°. 

2«r>.  Th<'  nM'tfirii'iit  of  ex{»ansi<»n  of  glass  for  one  C<'nti;rm«le  drffrw* 
in  {).{HHHU\HH\»2.  How  gnat  is  it  for  one  Fahn*nheit  drgre<r?  H.»« 
gn»at  for  one  Hraumur  <le;»Te«'? 

2^*7.  The  Frrnch  unit  of  bent  is  tho  amount  <»f  In^nt  ri-quirril  to  ni«^ 
tin*  tnnpvniturr  of  imv  kilo^nunme  of  walrr  fn»m  i»*  C.  to  1*  t  ,;  'U 
Kngli«h  unit  i-*  the  amount  of  brat  n*quintl  to  rai-e  the  tem|MTaiur»* «/ 1*^* 
avoinliipois  {h>uiu1  of  water  fnnn  ^J^  F.  U»  60'  F.  What  is  the  reUu« 
U'lween  the  two?     (S«*e  table,  p.  472.) 

2XH.  Convert  into  French  units  of  heat  7.M43  ;  234.C2  ;  an«l  52.7v^ 
Fn^rli'^h  units. 

2^'.».  HimIucp  to  KngU'.h  units  52.:U  ;  l,0f:4.72  ;  0.6845;  and  354.7 
Fnnrh  unit'*  of  h«-at. 

2l»*'.  Two  thrnn<»m«*t»Ts  are  rwiuh*  of  the  ►ame  gla«« ;  the  sphrrwal 
bulb  <if  th**  tir^t  ha<*  an  iiit('ri<»r  diameter  of  7..'»  m.  ni.«  and  its  tulir  a  d. 
eter  (if  <»  2.'»  m.  m.  ;  the  hiilb  of  th**  ^^•eond  ha<«  a  dianieit^r  of  (S.2  m. 
and  it<*  tulx'  a  diimK't«  r  of  0.15  m.  m.  Rin|uired  the  relati\e  sisr  oft 
de;.'n'e  im  riu'h. 
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SPECIFIC   HEAT. 

(229.)  Temperature.  —  The  amount  of  expansion  which  a  hot 
body  is  capable  of  producing  in  the  air  or  mercury  of  a  ther- 
mometer measures  what  we  term  its  temperature.  This  effect 
is  only  indirectly  connected  with  the  amount  of  heat  which  the 
body  contains.  If  different  masses  of  water,  of  mercury,  of  iron, 
or  of  wood  produce  each  the  same  expansion  in  tlio  air  or  mer- 
cury of  the  thermometer,  we  say  that  they  all  liave  tlie  same 
temperature,  although,  as  we  shall  hereafter  see,  they  may  con- 
tain very  different  amounts  of  heat.  The  thermometer,  there- 
fore, is  an  instrument  for  measuring  the  temperature  of  a  body, 
and  not  the  amount  of  heat  whicli  it  contains.  It  gives  us, 
though  more  accurately,  the  same  kind  of  information  as  the 
sense  of  touch,  indicating  that  condition  of  a  body  which  pro- 
duces the  sensation  of  heat  and  cold.  It  gives  that  information 
which  is  alone  wanted  in  the  practical  affairs  of  life  ;  for  it  does 
not  concern  us  generally,  how  much  heat  a  body  contains,  but 
only  what  effect  its  heat  will  produce  on  our  bodies. 

Tlie  temperature  of  a  body  depends  on  two  conditions :  first, 
on  the  amount  of  heat  which  the  body  contains;  secondly,  on  the 
affinity  of  the  body  for  heat,  or,  in  other  words,  on  the  power 
with  which  it  holds  the  heat.  In  illustration  of  these  principles, 
several  well-known  facts  may  be  adduced.  Two  thermometers  in- 
troduced, the  one  into  a  wine-glass  and  the  other  into  a  pail,  each 
of  which  is  filled  with  water  just  drawn  from  a  well,  will  indicate 
the  same  temperature  in  both  ;  simply  because,  although  the 
water  in  the  pail  contains  several  hundred  times  as  much  heat 
as  the  water  in  the  wine-glass,  it  also  holds  the  heat  with  a  pro- 
portionally greater  force,  and  therefore  gives  up  no  more  to  the 
bulb  of  the  thermometer  than  the  smaller  amount  of  water  in  the 
wine-glass.  Again,  two  thermometers,  introduced,  the  one  into 
a  glass  containing  a  kilogramme  of  water,  and  the  other  into  a 
glass  containing  a  kilogramme  of  mercury,  the  glasses  having 
been  standing  together  for  some  time,  will,  in  like  manner,  indi- 
cate the  same  temperature  in  both  ;  for  although,  as  will  soon  be 
shown,  the  water  contains  thirty  times  as  much  heat  as  the  mer- 
cury, it  holds  it  with  thirty  times  as  much  power. 

(230.)  Thermal  Equilibrium.  —  If,  as  is  sometimes  the  case 
in  a  room,  the  heat  is  distributed  through  the  different  articles 
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of  furniture  in  proportion  to  their  aflinitjr  for  the  impondertUe 
agent,  it  is  evident  that  we  shall  have  a  condition  of  thcmal 
equilibrium ;  for  there  will  be  no  tendencj  for  the  heat  to  fmm 
from  one  body  to  another.     If  we  now  bring  a  thennoiDeler  ia 
contact  with  the  various  articles  of  furniture,  we  shall  fiod  thit 
they  all  have  the  same  tem|)erature.     I^t  us  next  suppose  tl«t 
the  stove  suddenly  receives  an  accession  of  heat ;  we  sliall  thct 
find  that  it  will  indicate  a  higher  temperature  than  before,  b^ 
cause  it  is  in  a  condition  to  impart  more  heat  to  the  mercuir  of 
the  thermometer.     In  the  course  of  a  short  time,  howeTer,  thi« 
accession  of  heat  will  be  distributed  in  various  ways  tlirough  \he 
difTorcnt  bodies  in  the  room,  in  proportion  to  their  relatire  affini- 
ties, when  it  will  be  found  that  all  again  have  the  same  tempen- 
turc,  although  a  little  higher  than  before.     It  therefore  a[»pean. 
first,  that  when  bodies  are  at  the  same  temperature  tliey  are  in  a 
state  of  thermal  equilibrium ;  secondly,  that  when  tliey  are  it 
difTorent  temperatures,  the  warmer  will  impart  heat  to  the  coidfr 
until  an  equilibrium  of  temperature  has  been  established;  Uui 
is,  until  tlie  heat  has  l>een  distributed  through  all  in  proportioa 
to  their  relative  affinities. 

(2*j1.)  Unit  of  Heat.  —  In  one  condition  only  the  thermoiD- 
etor  Ix'conies  a  dirert  measure  of  the  amount  of  heat ;  and  tlitt 
is  in  the  cas^e  of  tlie  same  weijrht  of  the  same  sul>stanco.  Tliu*. 
if  we  take  oii«3  kilojrrumnie  of  water,  it  is  true  that,  if  a  ci^^c* 
amount  of  ln^at  will  raise  its  tom|K?rature  one  do^rcf,  twice  il«^ 
amount  of  boat  will  raise  its  tom|»erature  two  dojrn^'*,  cto. 
Ilrre,  tlien,  wo  have  a  unit  for  measuring  am«»unt>  of  h«'ii . 
and  it  lias  been  p'nerally  a^n^ed  to  assume,  as  tlie  unit  of  k*;J. 
the  amount  of  heal  rei|uinMl  to  raise  tlie  tomi^erature  *A  «•'.•: 
kilo£rrainm<^  of  water  one  Centigrade  degree,  in  \\w  Kinio  ^x) 
that  a  metre  has  l»eeii  taken  us  u  unit  of  length,  and  a  minute  i^ 
a  unit  of  time. 

( I'Vl. )  SjHcifir  Ilrat.  —  Assuming,  then,  this  unit  «»f  heat,  »• 
shall  1m>  alile  to  u>certain  the  n'lative  amounts  (»f  heat  uhich  d;!i*  r* 
eiit  Mil»taiiees  contain  at  tin'  same  tem|»iTature,or,  what  am«>u:.t^ 
to  tlh*  ^ainr  thing,  their  n-lative  artiiiili«»s  for  heal.  Fur  this  |'u:- 
|M)M'.  Ifi  us  ill  ihe  first  plare  take  two  vesx'ls,  one  conUiiM^j 
oiH'  kilo'jraniino  and  the  otli«T  ten  kilogrammes  of  water,  and  U; 
u**  ••\|>«i-«'  ilhMii  both  to  su«*li  a  source  of  heat  that  e«(ual  quia- 
titics  of  heat  must  enter  each  vessel  during  the  same  time.     W« 
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shall  find  that,  when  a  thermometer  in  the  first  vessel  indicates 
Uiat  the  temperature  of  the  one  kilogramme  of  water  has  risen 
ten  degrees,  a  thermometer  in  the  second  vessel  will  have  risen 
only  one  degree.  Since  ten  units  of  heat  have,  by  our  assump- 
tion, entered  the  water  in  each  vessel,  it  follows  that  it  requires 
ten  times  as  much  heat  to  raise  the  temperature  of  ten  kilo- 
grammes of  water  one  degree  as  is  required  to  raise  the  temper- 
ature of  one  kilogramme  of  water  to  the  same  extent.  Sim- 
ilar results  would  be  obtained  with  any  other  substance,  and 
hence  we  may  conclude  that  the  amounts  of  heat  required  to 
raise  the  temperature  of  unequal  weights  of  the  same  substance 
one  degree,  are  proportional  to  these  weights. 

As  a  second  experiment,  we  will  take  five  vessels,  containing 
respectively  one  kilogramme  of  water,  one  kilogramme  of  sul- 
phur, one  kilogramme  of  iron,  one  kilogramme  of  silver,  one 
kilogramme  of  mercury,  and  we  will  expose  them  all  to  such 
a  source  of  heat  that  equal  amounts  must  enter  each  vessel 
during  the  same  interval.  If,  now,  we  observe  thermometers 
placed  in  these  vessels,  we  shall  find,  when  the  temperature  of 
the  water  has  risen  one  degree  and  consequently  when  one 
unit  of  heat  has  entered  each  vessel,  that  the  temperatures  of  the 
other  substances  have  increased  by  the  number  of  degrees  given 
in  the  second  column  of  the  following  table.  By  the  principle 
just  established,  it  follows  that,  if  one  unit  of  heat  will  raise  the 
temperature  of  one  kilogramme  of  mercury  thirty  degrees,  it  will 
only  require  one  thirtieth  as  much,  or  0.033  of  a  unit  of  heat, 
to  raise  the  temperature  of  the  same  weight  one  degree.  In 
like  manner,  the  fractional  parts  of  a  unit  of  heat  required  to 
raise  tl»e  temperatures  of  one  kilogramme  of  each  of  the  other 
substances  one  degree  can  bo  easily  calculated,  and  are  given  in 
the  third  column  of  the  table.  This  fraction  is  commonly  called 
the  specific  heat  of  the  substance. 

Tempentare.  Unit  of  Heat. 

Water, f.O  1.000 

Sulphur,      .         .         .         .         •  4.9  0.203 

Iron, 8.8  0.114 

Silver, 17.5  0.057 

Mercury, 30.0  0.033 

Water,  then,  at  the  same  temperature,  contains  4.9  times  as 
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much  heat  as  tho  same  weight  of  SQlphur,  8.8  times  as  nnick 
as  tlio  same  weight  of  iron,  17.5  times  as  much  as  the  Mse 
weight  of  silver,  aiid  80  times  as  much  as  the  same  weight  «f 
mercury  ;  and  in  like  manner  we  should  find  that,  at  the  MflM 
teni|)erature  and  for  e(|ual  weights,  water  contains  more  beat 
than  any  solid  or  liquid  known.  Hence,  tlie  specific  Iteat  of 
solid  or  liquid  substances  is  always  expressed  bj  fractioM. 
These  fractions,  as  determined  by  Regnault  for  the  chemical  ele- 
ments, are  given  in  the  following  table.  The  numliers  in  each 
case  denote  the  fractional  part  of  a  unit  of  heat  required  to  ratst 
the  tem|>erature  of  one  kilogramme  of  the  substance  one  degree. 
They  also  represent  the  relative  proportions  in  which  heat  is  dis- 
tributed among  equal  weights  of  tiiese  substances  when  io  the 
state  of  thermal  equilibrium,  and  therefore  indicate  their  relatin 
affinities  for  the  imponderable  agent. 


Brmsn, 
GIajm, 


Specific  HecU  oftke  ElemeniM. 


Sp«etten«a. 


Prtlimimary  Data, 

0.093910     I     Water. 

0.I976S0     I     Oil  of  Tur])ciitioe, . 


LIMMOe 
O.4S5M0 


KlementM 


In»n, 
/inr, 

Mt-nniry,  . 
S»lid  Mrn-unr, 

(^lul  III  111  III, 

Sil\i'r,  . 
An*  ntr,    . 
lyii'l,    . 
Hi«fiiiith, 
AntiiiHiiir,    . 
Tin, 
Ni.krl, 


0.11S790 
0.093550 
0.09M50 
0.ni3:t20 
0.032 1 10 
0.05««>90 
0.0"i7010 
0.0*1400 
0.031 4(¥) 
0.030N  |i> 

oowno 

0.054»J3i) 
O.IIWH.O 
0.|<Wi!H>0 


Platinum  f»latv, 

»pong«,    . 
I*iillii«tiam, 

(rtil«|,  .  . 

Sulphur, 
S«^lt*nintn, 
Tt'llurioro, . 
I*«>iAji«iuin, 
nrtiiiiinr,  li<|ni«l, 

ItMlinc, 
(^arlion,  . 
I1t4»«|ihonu, 


O.OS1U0 
0.0831110 

o.a-fcWTO 
o.asiiio 

O.OiJTOi^ 

o.osuv> 

0  l«»3«4> 
O.IIO*jO 
0(^1530 

0.  owls') 

0.311110 


( 


C2.*^'^.)    Dtfermi nation    of' thr    Sfpcrific    Heat   of   Soiuti 
Liquids.  —  Th«Tt*   are   two  in«'th(xls  usually  employed   for  ihii 
pur|H>so.      The  fin^t  method  is  called   the   method  of  rooKtig^ 
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and  is  based  upon  the  axiom,  that  the  time  required  for  equal 
weights  of  different  substances  to  cool  through  the  same  niim- 
bep  of  degrees,  under  exactly  the  same  conditions,  will  be  pro- 
portional to  the  quantity  of  heat  which  tliey  respectively  contain, 
or,  in  other  words,  to  their  specific  heat.  The  only  diflSculty  in 
applying  this  principle  to  practice  consists  in  securing  precisely 
the  same  conditions  for  all  substances.  In  order  to  attain  this 
object,  Regnault  contrived  a  very  ingenious  apparatus,  wliich  is 
described  at  length  in  tlie  Annales  de  Chimie  et  de  Physique^ 
8*  S^rie,  Tom.  IX. ;  but  notwithstanding  the  utmost  precautions 
and  most  persevering  efforts,  this  very  skilful  experimenter  could 
not  obtain  satisfactory  results  by  this  method.  We  shall  not, 
therefore,  enlarge  upon  it  here. 

The  second  method,  which  is  called  the  method  of  mixture^ 
consists  in  heating  a  substance  to  a  known  temperature,  and 
then  throwing  it  into  a  vessel  containing  a  known  weight  of 
cold  water.  The  amount  of  heat  communicated  to  the  water 
will  be  proportional  to  the  specific  heat  of  the  given  substance, 
and  gives  us  the  data  for  calculating  it.  This  last  method,  which 
is  by  far  the  most  accurate  of  all  the  methods  yet  devised,  re- 
quires further  illustration. 

Example  1.  If  we  mix  one  kilogramme  of  mercury  at  20® 
with  one  kilogramme  of  water  at  0**,  wo  shall  find  that  the 
temperature  of  the  mixture  will  be  0**.639.  The  water,  there- 
fore, has  gained  0.639  of  a  unit  of  heat.  This  amount  of  heat, 
also,  is  evidently  sufficient  to  raise  the  temperature  of  one  kilo- 
gramme of  mercury  from  0^689  to  20%  that  is,  through  19^361. 
Hence,  the  amount  of  heat  required  to  raise  the  temperature 
of  one  kilogranune  of  mercury  one  degree  must  be  equal  to 
^j  =  0.033  of  one  unit. 

Example  2.  If  we  mix  0.685  of  a  kilogramme  of  sulphur  at  60® 
with  4.673  kilogrammes  of  water  at  12®,  we  shall  find  tliat  the 
temperature  of  the  mixture  will  be  13® .42.  The  temperature 
of  4.573  kilogrammes  of  water  has  risen  1®.42,  and  hence  the 
water  has  acquired  4.573  X  1.42  =  6.493  units  of  heat.  These 
6.493  units  of  heat  were  sufficient  to  raise  the  temperature  of 
0.685  of  a  kilogramme  of  sulphur  from  13® .42  to  60®,  or  through 
46* .68.  They  would,  therefore,  raise  the  temperature  of  one  kilo- 
gramme of  sulphur  through  46®.68  X  0.685  =  31®.9.  Hence,  it 
would  require  ^  a»  0.  t  of  heat  to  raise  the  tempera- 
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tiiro  of  one  kilogramme  of  sulphur  one  degree.    In  like  manner 
all  similar  problems  may  be  solved. 

These  solutions  may  easily  be  made  general,  and  reduced  to 
an  algebraic  form,  in  Uie  following  way.    Let 


W  =  weight  of  wftf er. 
T*  =  temperature  of  water. 
#*  =  temperature  of  mixture. 


w   =  weight  of  mbntance. 
7^  =  teropenuure  of  MibMuwe. 
X    =  specifie  heat  required. 


Then  we  shall  have, 


r 


wz 


=  units  of  heat  required  to  raise  temperature  of 

u^ted  one  degree* 
=  units  of  heat  require<l   to  raise  temperature  of 

rtance  used  one  degree. 
=  number  of  degrees  tlirough  whidi  temperature  of 

has  been  raL^ed. 
=  number  of  degrees  through  which  tempeiatnre  of  m^ 

stance  has  fallen. 
(3  —  tY  W    =  units  of  heat  water  has  gained. 
(  T — 6)**  wx  =  units  of  heat  substance  has  lost. 


Since  the  gain  and  the  lus8  must  be  equal,  it  follows  that 


whence 


[loT] 


Tlic  results  obtained  from  this  formula  wouKl  lie  accunte, 
were  it  not  for  tlie  fact,  that  the  vessel  whieh  holds  the  water 
chaii^?s  its  teiu|H'rature  with  that  of  tlic  water,  s<>  that  tite  heat 
lost  by  tlic  substance  not  only  raisi»s  the  temfieniture  i>f  the  water 
{$  —  T  )**,  but  also  the  temiM^niture  of  the  vessel,  by  tin*  sanK* 
amount.  If  we  know  the  weight  of  the  vessel  and  the  spwfic 
brat  «)f  the  substance*  <»f  whieh  it  is  made,  we  can  easilv  estimate 
tin*  amount  of  In^at  nM|uired  for  this  pur[>ose.  Tlie  vosji^d  um^ 
is  pMierally  made  of  brass  or  silver,  ver}*  liirht  and  briglitly  pnl- 
i^biMi,  vo  that  thes<»  data  can  Ih»  n^adilv  obtaineil. 

Lrt  ir  =  weijrht  of  the  vessel,  and  c  =  sjiocific  heal  of  the 
vojisel ;  then 

it'  <*  =  amr»unt  of  heat  required  to  rais^  its  teropermtare  one  dt^ 

{0  —  r  )"*  ir'r  =  amount  of  heat  required  to  raise  its  temperature  (#—?)*. 
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Since  the  heat  lost  by  the  substance  is  equal  to  that  gained  by  the 
water  plus  the  amount  gained  by  the  vessel,  it  follows  that 

(T—eywx=(e—Ty  w+($—Tyw'c=($—jy(w+w'c); 

hence,  x  =  *?-($"l^+ -"'  •  P^SJ 

If,  as  is  usually  the  case,  the  substance  is  enclosed  in  a  glass 
tube  on  a  small  basket  of  wire-work,  it  is  also  necessary  to  pay 
regard  to  the  weight  and  specific  heat  of  these  envelopes  in  the 
calculation.  Representing,  then,  by  w"  and  c'  the  weight  and 
specific  heat  of  the  envelope  respectively,  we  shall  have,  evi- 
dently, 

(T —  $yto"dz=z  units  of  heat  the  envelope  has  lost 

Hence  we  obtain, 

(T—eyw^*c'  +  (T—efwx  =  (^  — t)**  (W^+t^'c), 

and  also 

X  —  {T—~ef~w  •        L^^^-J 

The  above  method  of  determining  the  specific  heat  of  solids 
and  liquids  admits  of  great  accuracy,  but  its  practical  appli- 
cation requires  many  precautions  and  great  delicacy  of  ma- 
nipulation. Regnault,  who  adopted  this  method  in  his  very 
extended  investigations  on  specific  heat,  used,  in  making  tlie 
determinations,  the  apparatus  represented  in  Fig.  364.*  This 
apparatus  consists,  first,  of  the  vessel  m,  in  which  the  heated 
substance  is  mixed  with  water ;  secondly,  of  a  peculiarly  con- 
structed steam-bath,  VP  F",  by  which  the  substance  is  previously 
heated  to  a  known  temperature  of  about  100**. 

The  substance  to  be  examined  is  placed  in  a  small  basket  of 
brass  wire,  P.  If  it  is  solid,  it  is  broken  into  small  lumps  ;  but 
if  liquid,  it  is  enclosed  in  tubes  of  glass,  whose  weight  and  spe- 
cific heat  are  known.  In  the  axis  of  the  basket  there  is  fastened 
a  small  cylinder  of  wire-netting,  which  receives  the  bulb  of  a 
delicate  thermometer  for  determining  the  temperature  of  the 
basket  and  its  contents.  During  the  process  of  heating,  the 
basket  is  suspended  by  means  of  silk  cords  in  the  interior  of  a 


•  Aonalet  de  <  ec  de  ]     viqiie,  S*  S^ie,  Tom.  LXXIII.  p.  80. 

I 
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Rteun-bath,  fonncd  of  tliree  concentric  cjlinden  of  tin  fUlA. 
Tlio  B|>aco  P,  ill  wlkicli  tlie  basket  ia  suBpeiidod,  is  fiUeil  vitb  air. 
and  opens  below  into  the  chamber  JU  by  nicaiM  ot  the  »)h1«  rr, 
which  can  bo  withdrawit  at  ploasuro.    Tbo  upoce  V  U  AUod  vitk 


Btcain,  which  is  couKtaiilljr  Fuppliod  from  Uie  boiler  C,  and  afitr- 
wards  coiidenncd  in  the  worm  i ;  and,  lually,  llic  space  U^'l«e» 
tlic  ytt'ain-cliaiulfcr  and  the  outer  cylinder  it  filled  with  air,  which, 
Win);  a  iioii-ootiductor,  diiniiiisltes  the  loss  of  heat  by  Uw  IkiIi, 
and  thus  U'udM  to  Ictn-p  U»  icin|»tTature  coii^Uinl. 

A  cyliudrii'!!!  vesM-l,  m,  uiudo  of  vi*ry  (bin  •.hwt-bni*^,  oiinuin* 
the  wiiiiT  wiili  wiiicli  tlir  sti)>>tuni.-o  is  lu  In-  uilxiil.  It  is  »u>- 
]x'iidi'd,  liy  means  of  mIIc  (.-ords,  tu  a  mnvubli'  Mi[>]>»rt,  wlihlt 
flid'-s  in  u  immvc,  so  lliiit  tin'  vessel  may  \n:  rendily  ino^iil  iiiM 
till-  rlianilHT  .)/.  iiiul'T  llio  sttnnii-luith.  A  didiraU-  tb<Tiiiuiu*'kT. 
/,   f:iv.-s    \>iy   ni-i:iiriiti.'ty    iho  toniin'nitnn!  of  the    waler.  and  s 

M till  tli<-rni<>ui<-I>T.  7'.  that  of  tho  uir.      TIil-m-    lb<-nn<>iu.  e.-p- 

ar.-  obM-nt-d  by  m.-ani  of  n  leb-M-.i|K-  jdiwed  M-v.-nil  fi.-,-t  di-U:ii, 
and  i-viTV  ]in.-4uintii>n  is  taken  t>i  |irot«t't  (hi-m  fnini  cxlniiK-'iu- 
iiillo'-n.-.'.. 

In  niukinL'  a  d<-liTniinatit)n  of  Iho  ^|l•1'ifll'  heat  of  ■  Mit»tanrv. 
w<'  wait  until  tin-  lb<-nn>iini'tiT  /*  indicates  a  c<iii!>tant  teiii|«-n- 
iiii--',  wliirli  p-.(iiip-s  iilHiut  ttt.i  hours.  Tht-n.in  imleriti  W  mn' 
I'.ial  till?  >ul»lan<-i.>  has  tin-  ^unie  lenijHTalure  thntuifhoui.  w 
wait  lit  Iva.-t  an  Imnr  loiit'iT.  and  can'rully  obM-rw  the  tlH-rtnuot- 
t'|i-r^  (  niul  T.  Having  n-niov.'d  the  mtii-u  r,  w<-  now  |mi*Ii  lb* 
tf»<-l   M   into  the  obuiubcr  J/,  and,  witlidrawing  lira  abd«  rr. 
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quickly  drop  tho  basket  containing  the  substance  into  the  water. 
The  vessel  is  then  at  once  returned  to  its  former  position,  and, 
while  an  assistant  stirs  up  the  water,  we  observe  the  elevation  of 
temperature  indicated  by  the  thermometer  /,  which  reaches  its 
maximum  in  one  or  two  minutes. 

In  calculating  the  specific  heat  of  a  substance  from  these 
results  by  means  of  [159],  it  is  necessary  to  take  into  the  ac- 
count the  quantity  of  heat  received  by  the  vessel  m  from  the  air 
or  neighboring  bodies  during  the  course  of  the  experiment,  as 
well  as  that  which  it  loses  during  the  same  time.  The  variation 
of  temperature  arising  from  this  cause  is  ascertained  by  means 
of  a  series  of  preliminary  experiments,  made  under  the  same 
conditions  as  tlie  final  determination,  and  tlie  observed  tempera- 
ture of  t  corrected  accordingly  ;  but  as  the  value  of  this  correc- 
tion is  necessarily  somewhat  uncertain,  it  is  made  very  small  by 
reducing  as  much  as  possible  the  duration  of  the  experiments, 
and  also  by  so  regulating  the  temperature  of  the  water  that  it 
may  be  for  an  equal  length  of  time  above  and  below  the  temper- 
ature of  the  air.  Moreover,  during  the  few  seconds  tliat  the 
vessel  of  water  is  in  the  chamber  jlf,  it  is  protected  from  the  heat 
of  the  steam-bath  by  the  cold  water  which  fills  the  space  within 
the  hollow  walls  D  D  ;  and  when  outside  of  the  chamber,  it  is 
also  protected  by  tho  screen  e. 

In  order  to  test  the  accuracy  of  this  process,  Rcgnault  deter- 
mined the  specific  heat  of  water  with  the  apparatus  just  described. 
In  two  experiments,  in  which  the  liquid  was  heated  to  97**,  he 
obtained  the  values  1.00709  and  1.00890,  thus  showuig  that  the 
specific  heat  of  water  increases  with  the  temperature,  and  also 
confirming  the  accuracy  of  the  method. 

(234.)  General  Results.  —  From  tho  numerous  investigations 
which  have  been  made  on  the  specific  heat  of  solid  and  liquid 
substances,  several  important  general  truths  have  been  deduced. 

First.  The  specific  heat  of  substances  is  a  distinguishing  prop- 
erty, closely  connected  with  their  atomic  weights  or  combining 
proportionals.  The  relation  which  exists  between  these  two 
qualities  of  matter  has  already  been  discussed  in  (215  6w)  and 
will  also  appear  on  solvhig  Prob.  292. 

Secondly.  The  sj)ecific  heat  of  the  same  substance  increases 
witli  the  temperature.  This  is  true  even  in  the  case  of  water, 
which  has  been  selected  as  the  standard  to  which  the  specific 
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heat  of  other  suhstances  is  referred.  The  unit  of  beat,  it  viO 
be  remembered,  is  the  quantity  of  heat  required  to  rauie  the 
temperature  of  one  kilogramme  of  water  one  Centigrade  degree. 
Now  it  might  be  supposed  that  the  same  quantity  of  heat  would 
raise  the  temperature  of  a  kilogramme  of  water  one  degree  at  ill 
parts  of  the  themiometric  scale  ;  but  this  is  not  the  caM* :  t<> 
raise  the  temperature  of  one  kilogramme  of  water  from  100"  tf> 
101"  requires,  for  example,  1.0130  units  of  heat,  and,  as  a  geoerd 
rule,  the  amount  recjuired  is  greater  the  higher  the  temperatarv*. 
This  is  shown  by  the  following  table.  In  the  second  coluaio, 
headed  r,  opposite  to  each  temperature,  is  given  the  specific  html 
of  water  at  Uiat  temperature ;  in  other  words,  the  number  of 
units  of  heat  required  to  raise  the  temperature  of  one  kilo- 
gramme of  water  from  t*  to  (/  -{- 1)"*.  In  the  third  colonm, 
headed  C,  are  given  the  mean  specific  heats  for  the  interral  of 
temperature  between  0"  and  f. 


f. 

• 

1.0000 

C 

u 

1U>1S0 

• 

0 

1.0000 

100 

14XH0 

2> 

1.0013 

1.0003 

ISO 

1.0177 

\M0$7      ' 

40 

1.0030 

I.OOIS 

110 

i.otsi 

1.0097      - 

tfO 

1.0056 

1.0021 

160 

1.0S9I 

1.0I0» 

80 

1.0089 

1.00S5 

li(0 

1.0S61 

i.oia 

It  will  Ih}  iiotictMl  that,  within  the  ordinary  ranp?  of  atmci«- 
pheric  lt'iii|MTatun*s,  tlie  si>ocific  heat  of  water  inoreas^'^  onir 
very  slightly  ;  mi  that,  in  ch»t«Tnunalions  of  tho  ^|^ecific  boat  ef 
other  Mil»>tanct'S  hv  the  ni<»th(Ml  of  mixtures,  that  of  water  mar 
be  rcpinieii  as  mnstniit  lH.»tween  0*  and  20*.  But  aliore  thi* 
teinjMTature  the  incroaso  of  the  s|>ecific  heat  of  watt»r  can  n*^ 
loii^tT  Ik,'  «li>n»jr»irdtMl,  an<l  we  niuht  then^fore  modify  blight ly  <»ur 
(ii'fHiitioii  of  the  unit  of  heat.  Accurately  speaking,  ike  wmit 
of  hrtit  is  thr  tmnniiiy  of  heat  required  to  raise  the  temperaimrt 
of  a  k'i/oirramme  of  trater  from  0"  to  1", 

What  is  hhown  l»y  the  al>ovo  tahle  U)  be  tnie  of  wator.  is  alfo 
tru«*  of  all  othrr  solids  and  lii^uids.  Dulong  and  IVtit  made 
ex|M*riin(Mits  on  a  nuinlMT  of  metals  up  to  300*,  emidoying  tbe 
nietlHNJ  of  mixtures,  and  obiuiacd  the  results  giveu  in  the  fi)Uow* 
ing  table:  — 
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HOMOf 

Motel. 

Mmu  Bpedfie  Heat 

r. 

Nome  of 

Moon  Specific  Heot 

r. 

BotwooQ 

Between 

Between 
O^klOO". 

Between 

Iron, 
Mercniy, 
Zinc, 
Antimony, 

0.1098 
0.0880 
0.(j927 
0.0507 

0.1218 
0.0350 
0.1015 
0.0549 

882.2 
818.2 
328.5 
324.8 

Silver, 
Copper, 
Platinum, 
Glass, 

0.0557 
0.0949 
0.0335 
0.1770 

0.0611 
0.1013 
0.0355 
0.1990 

S29!8 
320.0 
317.9 
822.2 

In  equation  [159],  the  temperature  T  is  supposed  to  be  given, 
and  from  it  wo  can  calculate  the  specific  heat  of  the  substance ; 
but  we  may  evidently  reverse  this  calculation,  and,  when  the 
specific  heat  of  the  substance  is  known,  use  the  method  of  mix- 
tures for  determining  its  temperature.  Thus  this  method  fur- 
nishes a  very  simple  means  of  measuring  high  temperatures.  If, 
for  example,  we  wish  to  measure  the  temperature  of  a  furnace, 
we  expose  to  it  a  mass  of  platinum  of  known  weight ;  and  when 
Uie  mass  has  acquired  the  temperature  of  the  furnace,  we  transfer 
it  to  tlie  brass  vessel  m  (Fig.  364),  containing  a  known  weight  of 
water,  and  observe  the  elevation,  taking  all  the  precautions  men- 
tioned in  tlie  previous  section.  If  the  specific  heat  of  the  plati- 
num is  known,  we  then  have  all  the  elements  for  calculating  the 
temperature.  If  it  is  not  known,  we  can  make  two  determina- 
tions with  unequal  quantities  both  of  platinum  and  water,  and 
thus  obtain  two  equations,  from  which  we  can  eliminate  the 
specific  heat.  Or,  since  the  mean  specific  heat  of  platinum  is 
known  between  0**  and  different  high  temperatures,  we  can  also 
calculate  the  temperature  of  the  furnace  from  an  estimate  of  the 
value  of  the  specific  heat  for  the  unknown  temperature,  and 
afterwards  use  the  specific  heat  corresponding  to  the  tempera- 
ture thus  obtained  for  calculating  a  new  value  of  the  temperature, 
which  will  be  more  exact.  In  order  to  furnish  the  data  for  such 
calculation,  M.  Pouillet  has  determined  by  experiment  the  mean 
specific  heat  of  platinum  between  0°  and  different  high  tempera- 
tures, measured  by  the  air  thermometer.  His  results,  which 
are  given  in  the  foUowuig  table,  were  obtained  by  the  method 

of  mixtures. 

Mean  Specific  Heat  of  Platinum. 


• 

0 

to     100 

0.03350 

e 

0 

to    1000 

0.03728 

0 

«     300 

0.03434 

0 

«    1200 

0.03818 

0 

«     500 

0.03518 

0 

"    1500 

0.03938 

0 

«     700 

0.0 
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Tlic  change  of  the  specific  heat  with  the  temperatiire 
Tory  marked  as  tlie  solid  approaches  its  melting  point ;  and  ibm 
is  es|)ecially  tiio  case  with  tiioso  solids  which  soften  licfore  thftj 
melt.  Hence,  in  stating  the  specific  heat  of  a  sulisOance,  it  is 
im|M>rtant  to  name  the  tcmi>eraturcs  between  which  tiie  dele;- 
mination  was  made. 

The  8()ecific  heat  of  liquids  varies  witli  the  tempcrmlnre  tA  a 
much  greater  extent  than  that  of  solids.  Thus  bromine,  accordi&r 
to  Regnault,  has  the  si^cific  heats  0.1051:),  0.11ut4,  0.11:iM. 
between  the  temperatures  —G' and +10%  11*  and  4^,  l:r  »d-1 
58^,  re8|>ectively.  So,  also,  oil  of  turpentine  has  the  s|)cctfic  beat 
of  0AM  Iwtween  15*  and  20%  and  0.4ti72  lietwoen  13*  and  Vnf. 

Regnault*  has  also  determined  tlie  s])ecific  heat  of  a  Unee 
numl>er  of  other  liquids  by  the  method  of  ciwUmg^  whicii,  as  be 
found,  gives  more  accurate  results  with  liquid  than  with  wU 
substances.  Some  of  the  most  important  of  his  n»ults  an*  pvvii 
in  the  following  table.  As  a  general  rule,  tliey  sliuw  tliat  the 
specific  heat  increases  with  the  temperature.  But  the  difierviHv 
l»etween  tlie  extreme  temperatures  is  so  small,  tliat  tlio  »lt^kt 
increase  of  the  bi^ecific  heat  is,  in  some  cases,  more  tliau  t>vv^ 
balanced  by  variations  arising  from  other  and  accidental  causo. 


N 


ul 


f  IJ<iui>i«. 


M«'n-urv, 

Mi>t)i\  lie  Al«'i>li(>l, 

<  >\i«l»*  tif  Ktliylr, 
nniiiitilr  nl'  r.:li\l<'. 
IiHlt'lr  of   \'a\\\  It',      . 
Siilpltiili"  ••!"  Kth\lf, 
'I',  rt  'wilt*, 

<  M  I't  C'itn»ti, 

hi'  lili>ii>l«'  III'  '1  in.   . 
(  Ml  iiiiili"  <•!   Slip  •»ii, 
Cl.ltiiilf  I'l"  I*li«»*|»lniru-, 
Su'.j- !'  CarU'ti.    . 


6'  to  1^\ 

1 

l«M  SpMMr  llmt. 

vr  ID  w. 

U'fc-J- 

0.03!92 

0.0»S 

0.0216 

0.6  V*H 

0.ti<»l 

0.6733 

0.3S01 

O.V^-i 

0«*^ 

0.5207 

0.5  I5S 

0.51  JT 

>        0.3UI 

0.3135 

0.!IU 

0.1  M7 

0.15.H4 

0.1>4 

0.4715 

0.4653 

0.4TT3 

0.4IM 

0.4156 

0.42<7 

0.44«»9 

0.4134 

0.4501 

0.1421 

0.1403 

0.1414 

0.1914 

0.1904 

O.I*>4 

0.2017 

O.X^*! 

o.iwi 

0.2179 

0.3I**3 

0  3?« 

It  will  !►••  ini!i«*«Ml  tiiJil  tin'  inon»a.^>  of  the  ji|n*cific  boat  will* 
th«»  t«*rn|»*»r.itun!  ri»rn'^|N)inN  to  th«*  inon»a>o  of  the  rate  of  exj^m* 
si(»n,  uiiil  it  is  pnibaMo  that  the  tw*)  ola«54*s  of  phenomtMia  an? 


*  AnoAlrs  lie  ChiiiiH:  ci  dc  ltivftii}uc,  3*  Serw,  Tom.  IX.  p 
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clooely  connected  together.  The  best  explanation  which  we  can 
give  of  the  facts  is  tills.  K  tlie  volume  of  a  solid  or  liquid  mass 
ci  matter  remained  the  same  at  all  temperatures,  it  is  probable 
that  it  would  require  exactly  the  same  quantity  of  heat  to  raise 
its  temperature  one  degree  at  all  parts  of  the  thermometiic  scale. 
As,  however,  both  solid  and  liquid  matter  are  expanded  by  heat 
with  an  irresistible  force,  a  portion  of  the  quantity  of  heat  re- 
quired to  raise  the  temperature  of  a  given  mass  one  degree  is 
rendered  latent  in  producing  this  mechanical  effect ;  and  since 
the  rate  of  expansion  increases  with  the  temperature,  the  quan- 
tity of  heat  thus  rendered  latent,  and  hence  also  the  specific 
heat,  must  be  greater  at  high  than  at  low  temperatures. 

Thirdly.  All  substances  have  a  greater  specific  heat  in  the 
liquid  than  in  the  solid  state.  This  truth,  which  is  rendered 
evident  by  the  following  table,  is  probably  connected  with  the 
fact  that  the  rate  of  expansion  of  liquids  is  greater  than  that  of 
solids,  and  hence  the  quantity  of  heat  absorbed  in  producing  this 
mechanical  effect  is  also  greater. 


"Suae  of  Sabstanoe. 

Solid. 

Liquid. 

Interral  of 
Temperature. 

0   to    100 

8p«%{fio 
Beat. 

Interral  of 
Temperature. 

I 
Specific    ! 
UeaL 

LcacI, 

0.0314 

350°  to 

450 

0.0402 

Bromine,  .... 

-78    u    -20 

0.08482 

10    u 

48 

0.1109     i 

Iodine,         .... 

0    u    100 

0.05412 

0.10822 

Mercury,  .... 
Sulphur,      .... 
Bismuth,  .... 

-78    u  -40 
0    «    100 
0    a    100 

0.0247 
0.2026 
0.0:jOM4 

0    u 
120    « 
2^0    u 

100 
150 
380 

0.0333 

0.234 

0.0363 

Zinc, 

0    u    100 

0.0956 

Tin,          .... 

Phosphorus, 

Water 

0    u    100 

10    (C      30 

under    0 

0.0562 
0.1887 
0.502 

250    a 

50    u 

0    u 

330 

100 

20 

0.06S7 

0.212 

1.0000 

Cliloridc  of  Calcium  (cryst ), 
Nitrate  of  Sodu, 
Nitrate  of  Potassa, 

u       0 
0  to   100 
0    u    100 

0.345 

0.27821 

0.2:^875 

33    u 
320    a 
350    «. 

80 
430 
435 

0.5."j5 
0.413 
0.3319 

Fourthly.  The  specific  heat  varies  with  the  molecular  condi- 
tion of  a  substance,  and  we  can  say,  in  general,  that  all  causes 
which  increase  the  density  of  a  solid  diminish  its  specific  heat. 
Thus  the  specific  heat  of  artificially  prepared  sesquioxide  of  iron 
diminishes  in  proportion  as  its  density  is  increased  by  calcination, 
and  finally  becomes  equal  to  that  of  the  natural  iron  glance.  So 
^^  <>OMm»  led,  has  a  specific  heat  equal  to  0.09501 ; 
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but  after  its  density  has  been  increased  by  liammeriug,  Ibe  ip^ 
cific  heat  is  found  to  bo  only  0.09360.  On  the  other  hand,  tbe 
specific  heat  of  tin  or  lead  is  not  increased  by  meclianical  prt^ 
sure  ;  but  then  their  density  also  remains  unchanged. 

The  npecific  heat  of  a  Hul>stance,  moreover,  i^  not  tin*  Mine  in 
its  different  allotropic  modifications.  The  specific  lieat  uf  car* 
bon,  for  example,  differs  very  greatly  in  its  thnn?  allotn »pic  oMidi- 
tions,  as  is  shown  by  the  following  results  of  Rcgiiault.  It  will 
be  noticed  tliat  in  these  cases,  also,  the  specific  lioat  diminii4iei 
with  the  density.  Similar  facts  were  ol>sor\'ed  by  Rcguault  *  ia 
the  case  of  sulphur  and  carbonate  of  lime. 


Wood  Cliarcoal,         ....     0.;M)0  0:t4\^ 

Graphite, 2.8O0  Oj>i>i7 

Diamond, 3.500  O.U6d 

Fifthly.  By  referring  to  the  tables  on  pages  4C6, 475,  it  will  be 
seen  that  ]i<|uid  water  has  the  greatest  specific  heat  of  any  of  tb« 
substances  mentioned.  In  fact,  for  the  same  teinpemturr,  it 
contains  the  greatest  amount  of  heat  of  any  solid  or  Ii«|ukl 
known.  This  pro|)erty  of  water  makes  the  oceans  of  the  fi\\A< 
great  reser>'oirs  of  heat,  and  hence  the  imfKirtajit  influemv  vliich 
they  exert  in  moderating  and  e<iualizing  the  climate  i»f  i^onJs 
and  continents. 

On  tlie  other  hand,  it  will  1k»  noticed  that  mercurv  has  a  %crT 
small  s|M»cific  heat.  It  is  thiTefore  rapidly  heat^ni  ur  oxjled,  ai.i 
is  in  this  R»s|>«*ct  als«>,  as  in  others  (^'-2.*>),  well  adapted  for  in 
use  in  the  thennonieter. 

(2^1;*).)  Sped  fir  Iltat  of  (uisrs, — The  determination  «if  ll«? 
s|xvifie  heiit  of  jr*ises  involves  the  gn.*at«»st  praetiral  ditTioultit^, 
and  ulthouirh  several  extenilrd  iii\esti^tioiis  of  the  ^u^j•'ct  tuu* 
Ikm'u  niadf  l»v  eminent  phv»<icisU*,  vet  the  r^»sults  obtaintnl  lu^*? 
Imm'ii  iTf  nt-rally  very  crnmeous.  Within  a  f*»w  year>,  the  >ni«^vi 
has  iHM'n  n'invr>ti^at«'d  by  Ut^^nanlt,  and  his  d<'trnnination<>  ««f 
thr  »»|MMirie  h«»at  of  iIh'  ^a>rs  are,  un(|uestionabh\  far  ni«>r»»  accu- 
nit4»  tlian  iIiom'  «»f  any  previa  his  <*.\|K'rimenter.  rnf«»rtunali*h\ 
how«*viT,  a>  no  d<'MTiption  of  tin*  pnnM^vs  employt^l  liv  Ri*>:iuult 
ha>  yri  Immmi  pul»li>litMl,  we  can  only  state  the  general  results  at 
whirli  Ih»  has  arrived. 

Tlie  s|M»eifio  heat  of  a  ga«  may  l>e  defined  in  two  ways :   firrt, 

*  «\Dnalr«  dc  Cliiniic  ci  «lc  llivviqar,  3"  Berk,  Ton.  I.  pp^  II 
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as  the  amount  of  heat  required  to  raise  the  temperature  of  one 
kilogramme  of  the  gas  from  0°  to  1°,  allowing  the  gas  to  expand 
flreely  and  in  such  a  manner  that  it  shall  preserve  a  constant 
elasticity ;  and,  secondly,  as  the  amount  of  heat  required  to 
raise  the  temperature  of  one  kilogramme  of  the  gas  from  0®  to 
1*  when  the  gas  is  compelled  to  pceserve  a  constant  voliune,  the 
tension  of  course  increasing.  We  may  distinguish  the  specific 
heats  under  these  two  conditions  as  the  specific  heat  under  conr 
slant  pressure^  and  specific  heat  under  constant  volume.  In  the 
case  of  liquids  and  solids  we  can  only  determine  the  specific 
heat  under  constant  pressure,  and  in  the  case  of  gases  it  is  only 
this  value  which  can  be  determined  by  direct  experiment. 

(236,)  Specific  Heat  of  Gases  under  Constant  Pressure.  —  As 
preliminary  to  tlie  determination  of  the  specific  heats  of  the  sepa- 
rate gases,  Regnault  has  established  two  important  principles :  — 

First.  The  specific  heat  of  a  gas  does  not  vary  sensibly  with 
the  temperature.  This  is  illustrated  by  the  following  table,  which 
gives  the  specific  heat  of  air  between  different  limits  of  temperature. 

iDterrml  of  Tempemtoxv.  Spedflo  He^ 

—30'     to    +10''  0.2377 

10^     "       lOO**  0.2379 

lOO**     «       225*  0.2376 

It  will  be  noticed  that  the  differences  are  inconsiderable,  and  the 
same  was  found  to  be  true  of  other  gases. 

Secondly.  The  specific  heat  of  a  gas  does  not  vary  with  the 
pressure^  and  hence  is  the  same  for  all  densities.  Regnault  ex- 
perimented on  air  and  on  other  gases  under  pressures  which 
varied  from  one  to  ten  atmospheres,  and  found  no  sensible  differ- 
ence in  the  quantity  of  heat  which  the  same  weight  of  a  gas 
lost,  when  under  these  different  pressures,  in  cooling  the  same 
number  of  degrees.  Nevertheless,  he  thinks  it  possible  that 
slight  differences  may  exist. 

The  specific  heats  of  the  different  gases  and  vapors,  as  do* 
termined  by  Regnault,  are  given  in  the  following  table.  The 
numbers  in  the  column  headed  "  Specific  Heat  by  Weight " 
correspond  to  those  given  in  all  the  preceding  tables  of  specific 
heats,  and  denote  in  each  case  the  number  of  units  of  heat  re- 
quired to  raise  the  temperature  of  one  kilogramme  of  the  gas 
from  0*  to  1^,  a  iming  that  the  gas  is  allowed  to  expand  freely, 
and  that  th  re      constant. 


*; 
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SfMcijui  Htai  of  Ga$$$  amd  Vapon. 


Air.     . 
OxTgcn, 

HTtlrogcn, 

Chlorine, 

Bromine, 


Protoxkle  of  Nitrogen, 
l)t*atoxide  of  Nitrogen, 
O&ido  of  Carbon,* 
Carbonic  Arid, 
8ulphide  uf  Carbon,   . 
Sulphurooii  Acifl,    . 
Chlorohydric  Ackl,     . 
8ulph<>hvdric  Acid, 
Ammonia  Gas,   . 
Manh  (las 
Olefiant  Gat, 


Water, 

Ah'tthol, 

Eiher, 

Cr«n«»hy«lrir  Klhcr, 

Chlon»hy!rir  Kth<T, 

nnmic>hv«lri«'  Klhor, 

Sulf»hi»hydric  Ariil, 

A<*<*ti<'  And,     . 

Chlon>form, 

I)utrh  I<i«{uid, 

A'-«'!<»»»r, 

H  n/i>l«». 

Oil  i»f  Tnrjwniino, 

T«  n-Moridf  iif  ni4>*phont«, 

T*'r»hltm.|»*  of  ArM'nir, 

Ch'ori'lf  «if  SilMi>n, 

Huhliind**  of  Tin, 

liii  hlori«l(*  of  Titaniam,  . 


0.1ST7 

o.tira 

0.tl40 
S.404i 
0.I2U 
0.055t 

Comfiommd  (Ja$f». 

0.t238 
0.S3I5 
0.tl79 
0.tl64 
0.1575 
0.1553 
0.1845 
0.t42S 
0.50H0 
0.5929 
0.3691 

0.4750 
0.4513 
0.4<»I0 
O.AtM 
0.2737 
0.1816 
0. 4005 
0  400M 
0.^^6H 
0.2293 
0.1125 
0.8715 
O.XMI 
0.ISI6 
0.1122 
0.1.129 
0.0939 
0.1263 


0.2S77 
0.2411 
0.2S70 
0.2S56 
0.2Mt 
0.2993 


0.29:iO 
0.7171 
1.2296 
0.«<293 
0.6117 

0.6777 
I.256S 

1.21'*4 
0.!aiO 
0,7911 
0.*«3 1 1 
I.OIU 
2.3776 
0.617<4 
0.7013 
0.77**** 
0.«»639 
0^634 


1. 

1.I6S6 

•.97tt 


0.3413 

1.S2I9 

0.2406 

I.OM 

0.2199 

0J6T4 

0.3906 

I.5tfl 

0.4146 

2.6SO 

0.3489 

2.2i:9 

0.2302 

1.2474 

0.2^66 

1.1912 

0.2994 

0.5M94 

0.3277 

0.5527 

0.3572 

0.9672 

0.«l« 
l.V*) 
2.5M3 
I.9CJ1 

2.23Sa 
3.7316 

3.04*9 
5.90 
3.45 
2.**?26 

26912 
4  6«7^ 

4  7441 
6.2510 


9J 


Jidl 
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The  specific  heat  of  a  substance,  whether  it  be  a  solid,  a  liquid, 
or  a  gas,  is  always,  properly  speaking,  the  number  of  units  of 
heat  required  to  raise  the  temperature  of  one  kilogramme  from 
()•  to  1** ;  and  the  term  is  invariably  used  in  this  sense  in  relation 
to  both  solids  and  liquids.  But  in  the  case  of  gases  some  im- 
portant truths  have  been  discovered  by  comparing  together  the 
amounts  of  heat  required  to  raise  the  temperature  qf  equal  vol- 
umes from  0®  to  1®,  irrespective  of  their  weight.  The  number  of 
units  required  can  in  any  case  be  readily  calculated  from  the 
specific  heat  and  the  specific  gravity  of  the  gas,  and  this  quantity 
is  usually  called  the  specific  heat  by  vofume. 

By  referring  to  Table  II.,  it  will  be  found  that  one  cubic  metre 
of  air  at  0®,  and  under  a  pressure  of  76  c.  m.,  weighs  1.29206 
kilognqnmes.  Hence,  by  [100],  one  cubic  metre  of  air  at  0®, 
and  under  a  pressure  of  68.75  c.  m.,  will  weigh  exactly  one  kilo- 
gramme ;  and  one  cubic  metre  of  any  other  gas  as  much  more 
or  less  than  one  kilogramme  as  its  specific  gravity  is  greater  or 
less  than  1.  In  other  words,  the  number  which  stands  for  the 
specific  gravity  also  expresses  the  weight  of  one  cubic  metre 
under  the  above  conditions  of  temperature  and  pressure.  Now, 
since  the  quantity  of  heat  required  to  raise  the  temperature  of 
any  mass  of  matter  from  0®  to  1°  may  be  found  by  multiplying 
the  specific  heat  of  the  substance  by  its  weight  (232),  it  is  evi- 
dent that  we  can  find  the  quantity  of  heat  required  to  raise  from 
0**  to  1^  the  temperature  of  one  cubic  metre  of  any  gas  under 
tlie  pressure  of  68.76  cm.,  by  multiplying  together  the  specific 
heat  of  the  gas  and  the  number  representing  its  specific  gravity. 
For  example,  the'  specific  heat  of  hydrogen  is  8.4046,  and  its 
specific  gravity  0.0G92.  The  product  of  these  two  numbers 
equals  0.235G,  which  is  the  fractional  part  of  a  unit  of  heat 
required  to  raise  the  temperature  of  one  cubic  metre  of  hydro- 
gen, measured  under  a  pressure  of  58.75  c.  m.,  from  0°  to  1**. 
In  like  manner  all  the  numbers  in  the  column  of  the  last  table 
headed  "  Specific  Heat  by  Volume  "  were  obtained.  These 
numbers  evidently  represent  the  relative  quantities  of  heat  re- 
quired to  raise  the  temperature  of  equal  volumes  of  different 
gases  from  0*  to  1*,  and  the  absolute  numl)er  of  units  of  heat 
required  to  raise  the  temperature  of  one  cubic  metre  of  the  dif- 
ferent gases  measured  under  a  pressure  of  58.75  c.  m.  from 

a*  to  V. 
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Bj  comparing  tho  mimlYcrs,  it  will  be  seen  tliat  Uie  ip^ritt 
heats  by  volume  of  tho  Bimplo  gases  difler  tnit  sli^htlf  from  each 
other.  Indeed,  the  diflcrence  is  ho  ^niall,  that  some  experuDeni- 
crs  have  concluded  that  the  specific  hoats  of  all  tlic  rini|iic  gm9«» 
are  the  same.  The  results  of  Kognault  do  not  confinn  Uah 
theory ;  for  although  the  specific  heats  by  volume  of  oxygm, 
nitrogen,  and  hydrogen  are  by  his  determinations  vcnr  iKrarU 
Cfpial,  those  of  chlorine  and  bromine  arc  much  greater  than  tbr 
rest,  although  etjual  to  each  other.  These  differences,  morv^^. 
are  too  large  to  be  accounted  for  by  errors  of  olisorvatioii,  aod 
probably  d(?[)end  on  inherent  qualities  of  the  gases  them9«elv«Hi. 

(2i^7.)  Sf}eci/ic  Ileal  of  Gases  under  Constant  Volmmt.  —  Ii 
was  stated  in  (234),  that  a  t>ortion  of  the  quantity  of  lieat  re- 
quired to  raise  the  teni|>erature  of  a  given  mass  of  nutter  oat 
degree  was  rendered  latent  in  producing  the  mecluuiical  eSeei 
of  expansion,  and  that,  if  this  expansion  could  lie  prevented,  the 
same  quantity  of  heat  would  probably  cause  the  same  elevati^ia 
of  tem|KTature  at  all  parts  of  the  thermometer-scale.  Id  tb^ 
case  of  solids  and  liquids  it  is  evidently  ini[K)Ssible  to  verify  tliis 
theorj',  since  they  expand*  with  an  irresistible  force.  We  do  ou( 
meet  with  the  same  difficulty  in  the  case  of  gases.  They  trr 
easily  comprcssctl,  so  that  their  volume  can  l>e  kept  eou^imt 
by  enclosing  thfin  in  an  unyielding  vessel ;  and  we  >h«»iild  ilwn- 
fore  niiturally  twinx't  to  l>e  able  to  put  our  th«N>ry  t4i  tho  tt"*t  •/ 
ex|K*rinif nt.  Now  it  is  a  [MTftrtly  wrll-known  fart,  that  a  «•  r 
tain  amount  of  brat  is  riMidiTcd  latent  in  pnMlucini;  tbi*  e\|ian«i**r. 
of  a  pvtMi  nia>s  of  ^as,  and  that,  on  ('4>nd«*n^ing  ibo  jr.i>  t«»  ;»• 
original  volumo,  tin?  sain«»  amount  of  ht»at  is  set  frw.  In*io*i. 
tho  ti'niiMTatun*  of  a  rontiiu'd  mass  of  air  can  Ik*  rai^-d  bv  sud-i*:- 
mechanical  condensation  sufficiently  liijh  to  ignitt*  tiiid*  r. 

If  we  eoultl  measure,  then,  the  quantity  of  bvMi  m'I  fpv  •  t 
mechanical  4>ondensation,  we  sliouM  Im»  able  ti»  detenniij**  :::•* 
quantity  abvnr)H>d  during  the  equivab^nt  ex|»ansion  ;  and  «;:.'^ 
we  know  the  quantity  «»f  beat  requin'd  to  nii>e  the  tciujB'raiar' 
of  one  kilo'jraiume  of  triis  from  0**  to  1"*  wlien  alluwod  to  t* \j«a:.'i 
fn»e|y,  wi»  sbouM  In*  able  to  di»terniint»  the  quantity  of  hval  n'" 
quired  to  rai^*  it^  temiMTatun*  fn»m  0'  to  1'  when  coiifui«*d  iii»i 
not  allowi'd  to  expand,  by  simply  subtracting  the  amount  ^* 
soHmmI  during  ex|»;in*«ion. 

It  has  l»oen  stated  that  at  U%  and  under  a  prevKurc  of  hA.V^ 
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cm.,- one  cubic  metre  of  air  weighs  one  kilogramme ;  and  it  has 
been  shown  that,  in  order  to  raise  the  temperature  of  this  mass 
of  air  one  degree,  (the  pressure  remaining  the  same,)  we  must 
impart  to  it  0.2377  unit  of  heat.  But  it  is  also  true  that,  in 
consequence  of  the  increase  of  temperature,  the  volume  of  the 
<me  kilograuune  has  increased  ^l^,  that  is,  from  1  to  1 273  cubic 
metres  (216).  If  now,  by  increasing  the  pressure,  we  condense 
the  gas  to  its  initial  volume  of  one  cubic  metre,  a  certain  amount 
of  heat  will  1)0  set  free,  sufficient,  as  we  will  assume,  to  raise  the 
temperature  of  the  kilogramme  of  air  from  V  to  VA2.  This 
shows  that  although  0.2877  unit  of  heat  will  raise  the  tempera- 
ture of  one  kilogramme  of  air  only  one  degree,  when  allowed  to 
expand  under  a  constant  pressure ,  it  will  raise  the  temperature 
of  the  same  mass  of  air  VA2  when  confined  and  preserving  a 
constant  volume.  If,  then,  0.2377  unit  of  heat  will  raise  the 
temperature  of  one  kilogramme  of  air  1*^.42,  it  is  easy  to  calcu- 
late how  much  will  be  required  to  raise  its  temperature  one  de- 
gree by  means  of  the  proportion  1.42 : 1  =  0.2377  :  x  =  0.1674. 
This  quantity  is  the  specific  heat  of  air  under  constant  volume, 
and  the  difierence  between  0.1674  and  0.2377,  or  0.0703  unit,  is 
the  amount  of  heat  rendered  latent  in  producing  the  expansion 
when  the  air  is  under  constant  pressure. 

It  is  evident  from  the  above  illustration,  that,  if  we  represent 
by  S  the  specific  heat  of  a  gas  under  constant  pressure,  and  by  t 
the  small  increase  of  temperature  which  a  mass  of  gas  undergoes 
when  condensed  yf  3  of  its  volume,  we  can  always  calculate  the 
specific  heat  under  constant  volume,  or  S',  by  the  proportion 
1  -|-  /  :  1  =  S  :  S',  which  gives  for  the  value  of  S'^ 

5'  =  j-A_ .  [160.] 

An  obvious  method  of  determining  experimentally  the  specific 
heat  of  a  gas  under  constant  volume  would  then  be  to  condense 
the  gas  by  mechanical  means,  and  observ'c  the  increase  of  tem- 
perature. Such  experiments  have  been  made,  but  the  results 
have  been  in  all  cases  erroneous,  in  consequence  of  the  unavoid- 
able loss  of  heat,  which  was  absorbed  by  the  walls  of  the  con- 
taining vessel.  —  In  like  manner,  when  we  attempt  to  determine 
the  specific  heat  of  gases  under  constant  volume  by  other  direct 
methods,  we  are  met  at  once  by  p:      i<      difficulties  of  a  similar 

41 
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kind,  and  no  proccra  has  as  yet  been  discovered  which  vill  pn 
accurate  results.  We  are  therefore  obliged  to  reiiort  to  indintt 
methods ;  and  fortunately  such  a  method  is  furnished  fay  tk 
principles  of  acoustics. 

By  analyzing  the  condition  of  an  elastic  fluid  during  tlie  tn» 
mission  of  a  sonorous  wave,  Newton  obtained,  for  the  value  of  the 
velocity  of  sound  in  any  gas,  the  expression 


=  J^  •  T  '  ^'""-^ 


in  which  g'  represents  the  intensity  of  gravity,  H  tlie  lietght  J 
the  barometer,  and  d  the  specific  gravity  of  the  gas  referred  to 
mercury  as  unity.  This  fonnula  gives  for  the  velocity  of  wiuA 
in  dry  air,  at  0"*  and  when  i/=s76  c.  m.,  tlie  value  b  ^  2TlU 
metres,  which  is  less  than  382.25  metres,  the  true  value  as  alcf^ 
tained  by  experiment,  by  over  one  sixth  of  the  whole.  Tlie  can* 
of  this  great  discre|>ancy  lietween  the  olM^erved  and  calcuUurd 
veltRMty  remained  for  a  long  time  unexplained,  until  I^{4ice 
showed  that  the  alternate  ex|Minsion  and  contraction  of  the 
elastic  fluid,  constituting  the  sound-wave,  must  produce  a  chaap 
of  temperature,  which  would  increase  the  velocity  of  Uie  tmtf' 
mission  of  tlie  wave  itsi^f.     In  order  to  take  into  account  the 

eflfect  thus  pnxluced,  Laplace  multiplied  the  (piantitv /;r  *    .  i^ 

tin*  fonnula  of  Xewtou  by  the  (|uotient  -,.,  obtaint'tl  by  divi«im^ 

the  s|K*<'ifio  boat  of  tbe  jras  under  constant  pressure  by  tb»»  *{■*• 
citic  li<*at  under  constant  volume.  As  thus  corrected,  the  funnuU 
of  Newton  lKH'oin«'s 

By  transformation,  we  easily  obtain   from  this  e^iuation  the  ex* 

prt'ssit)n, 

.s    =       ^^^^       ,  [K.) 

by  wbi«*b  wo  ran  ralrulato  tbo  s|H»cifir  boat  of  a  pas  undor  cno- 
stant  vohiino,  wbm  tb«*  vt^liM'ity  of  sound  in  the  medium  and 
tlio  otJHT  ron»»lantN  an*  known.  Now  the  vt»l«KMtv  i>f  s^nmd  »n 
air  lias  iN'rn  M»\rral  tinirs  ran'fully  dot(Tniine<l  by  dtn?ct  exf«*r>- 
nx-nt,  and  i^  prui»ab|y  known  within  a  m«*tre  ;  and  starting  fnia 
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the  Telocity  in  air,  the  science  of  acoustics  furnishes  the  means 
of  determining  the  velocity  in  other  gases.  Thus  it  is  that  we 
have  been  able  to  determine  some  of  the  most  refined  data  con- 
nected with  the  thermal  condition  of  matter,  by  means  of  phe- 
nomena which  at  first  sight  seem  entirely  independent  of  the 
action  of  heat. 

The  specific  heat  under  constant  volume  of  several  gases,  as 
determined  by  Dulong  by  means  of  the  method  just  described, 
is  given  in  the  second  column  of  the  following  table ;  but  these 
values  must  be  regarded  as  only  approximations.  The  corre- 
sponding values  of  specific  heat  under  constant  pressure  are 
given  in  the  first  column,  repeated  from  the  table  on  page  472, 
for  the  sake  of  comparison.  The  third  column  shows  the  diflfcr- 
cnce  between  the  specific  heat  under  the  two  circumstances,  and 
the  last  gives  the  value  of  1  -|-  ^  in  formula  [ICO] . 

Specific  Heat  of  Eqticd  Volumes. 


Ntrnoof  Om. 

Under  Con- 

•tantPreMUTB. 

S. 

Under  Con- 
stant Voloma. 

Difference. 

!-»-«. 

Air,     ..... 

Oxjgen, 

Hydrogen,  .... 

Oxide  of  Carbon,    . 

Carbonic  Acid,  . 

OleiiantGas,  . 

0.2S7f 
0.2412 
0.2356 
0.2399 
0.3808 
0.8572 

0.1678* 

0.1705 

0.1675 

0.1681 

0.2472 

0.2880 

0.0704 
0.0707 
0.0681 
0.0718 
0.0886 
0.0692 

1.421 
1.415 
1.407 
1.428 
1.388 
1.240 

The  numbers  in  the  first  column  of  the  above  table  repre- 
sent the  fractional  part  of  one  unit  of  heat  required  to  raise  the 
temperature  of  one  cubic  metre  of  each  gas  (measured  under 
a  pressure  of  58.75  c.  m.)  from  0°  to  1°,  the  pressure  remain- 
ing constant,  the  gas  being  allowed  to  expand  freely,  and  in- 
creasing in  volume  yf^  of  a  cubic  metre.  The  numbers  in  the 
second  column  represent  the  corresponding  quantity  of  heat 
required  when  the  volume  is  kept  constant  by  increasing  the 
pressure.  The  difference  of  these  quantities,  or  S — S',  is,  then, 
the  quantity  of  heat  absorbed  by  one  cubic  metre  of  each  gas, 
measured  as  above  described,  in  expanding  j^j  of  its  initial 
volume. 


*  Bj  aaing  the  more  recently  determined  constants,  we  should  obtain,  for  the  ralne 
of  5',  0.1678,  and  for  1  +  <  the  value  1.417. 
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B7  comparing  U10  qiiAntitr  of  heat  thiiR  rendi^rrd  latmt  n 
tlio  catfo  of  air  with  that  which  remains  froe,  and  conaoqiMBtlf 
raises  the  temperature  of  the  gas,  it  will  be  found  that  Ibor  fUoA 
to  each  other  very  nearly  in  the  proportion  of  2  to  5.  Ilenef ,  of 
seven  units  of  heat  imparteii  to  a  mass  of  free  air  for  the  fmh 
|H)se  of  increajiin^  its  temperature, —  as,  for  example,  in  vanninc 
the  air  of  a  rrxNu, —  two  units  are  ali«ori>ed  in  cxpandinr  the 
air,  so  thai  the  elevation  of  temperature  results  entirely  tnm 
the  remaining  five. 

Ry  comparing  the  yalues  of  S —  iS',  it  will  l)e  noticed  that  tbf 
quantity  of  heat  absorlKnl  hy  equal  volumes  of  tht^m  diifrrrnt 
gases,  in  expanding  to  an  equal  extent,  is  very  nearly  tlie  %um 
in  all  cas<^.  Dulong  has  verifieil  this  principle  in  the  ea^ie  t4% 
large  Huml>or  of  gases  not  included  in  the  aU^ve  table,  and  htf 
stiitiMl  the  law  in  the  following  simple  terms  :  — 

1.  JCf/ual  volumes  of  all  g'ases^  measured  ai  ike  same  iemftf^ 
ture  and  pressure^  set  free  or  absorb  the  same  qmamiiig  of  ht^ 
vhen  they  arc  compressed  or  expanded  the  same  fradiomd  ptri 
of  their  volume. 

If  th<;  s]M»cific  hont  of  the  gases  were  all  equal,  the  lan^ 
changii  of  volume,  and  conse<|Aently  the  same  al»54>rptioa  at 
lilK^nitiou  of  heat,  would  cause  the  sjune  chaiim*  of  tiMn|«Tiliir. 
Tliis,  liowrvcr,  is  not  the  case,  except  with  oxyir«*n,  hydrocn,  wl 
nitnvjeii.  Tlie  ?«|HM;ilic  lieats  of  the  eomjHiund  g;is**^  <litfT  ^-^^ 
eonvi«|,'rahly  from  eaeh  otlier,  and  tlie  chantre  of  tt»m|»iTiiu?* 
eau^t'il  liy  tht»  same  change  of  volume  i**  smaller  in  proj>i»rt;":i  *• 
the  >|M*eiric  ln»at  «»f  th«*  gas  is  gn»at<T.  II«Miee  ihe  mvoiuI  Uw  .  f 
I>uloir^,  wliieli  should  W  n*ail  in  coinn^'tion  with  the  tir»t. 

'J.  The  varintions  of  temperature  xrhivh  result  are  \m  the  is- 
vrrsr  ratio  of  thr  sperifir  heats  under  constant  ndume. 

Whether  tlifso  (Mupiri(*al  laws  of  I>ulonir  an*  the  exa*'t  exvp-*' 
sioii»«  <»r  tlie  truth,  or  whether  tlioy  an*  ni«*n*ly  elo*i«>  appn»\. na- 
tion*., nMuains  vet  to  Im»  aMNTtainecl  l»v  further  in\«*"Hiiir,ititin. 

( '2*\X. )  Mrehnnicat  K^piintf*  nt  of  Heat,  — Tli«'  d«wtriiif  of  il,'* 
eoii'^i'rvMtioii  f»r  the  phy*.ie:il  fon'es  has  furni»»htMl,  thn»UL'h  tli«" 
iiivf^tiirations  nf  .louh*  on  tli«»  nieehanieal  «Hjiiivah*iit  t^f  h^at,  t 
nio'^t  n*ni:irkah|e  eontirmation  of  the  n^sult**  of  tho  la«t  !"e«r!ion- 
A'Tcinliir^  to  this  d(M*trin<\  tlirn*  is  an  «»xaet  e^iuivalen^^y  i^f  <nnM^ 
and  vi\Wi  lM*tw«*<*n  all  the  r«in*es  of  natun\  Thus  in  th**  c\^ 
of  heat,  it  would  asMime  that  a  given  mecliaiiicai  eflRsd  would. 


486 


under  all  circnmstances,  bo  accompanied  hy  tho.  abaorptien  of 
llie  same  amount  of  beat ;  and  conversely,  that  the  same  quantity 
of  heat  should,  under  all  conditions,  do  the  same  amount  of 
mechanical  work  —  for  example,  eliould  raiae  a  given  weight 
through  Uio  same  height  — in  whatever  way  it  may  be  applied. 
It  is  a  well-known  £act,  tliat  friction  is,  under  all  circum- 
atasces,  attended  with  evolution  of  heat.  Now,  since  friction 
rei»«8ents  the  expenditure  of  force,  it  follows  that  tlie  quantity 
of  heat  evolved  by  friction  is  the  equivalent  of  the  mechanical 
force  expended  in  overcoming  it.  Joulo  was  tliercfore  able  to 
fix  the  mechanical  equivalent  of  heat,  by  measuring  the  quantity 
of  heat  generated  by  frietiou,  ajid  comparing 
tliis  with  tlio  power  (42)  expended  in  over- 
coming the  friction.  The  heat  was  generated 
by  the  friction  of  water,  and  the  apparatus  he 
used  for  the  purpose  is  represented  in  Fig. 
3t>5.  It  consisted  of  a  brass  paddle-wlieel, 
furnished  with  eight  sots  of  revolving  arms, 
working  between  four  sets  of  stationary  vanes 
affixed  to  a  framework,  also  of  sheet-brass. 
**  •**■  Tliis  frame  fitted  firmly  into  a  co|)por  vessel 

containing  from  six  to  seven  kilogrammes  of 
water.  In  the  lid  of  the  vessel  there  were  two  necks,  the  first  for 
the  axis  to  revolve  in  without  toucliing,  the  second  for  the  inser- 
tion of  tlie  thermometer.     The  paddlo-wlieel  was  set  in  motion 


0 


1 


by  means  of  two.  weights  connected  with  its  axis  by  a  system  of 
cords  and  pulleys,  as  represented  in  Fig.  Stiti.  In  making  tlie 
experiments,  the  weights  wnre  wound  up  by  means  of  the  handle 
V,  attached  to  the  wooden      Undec  v  s,  and  after  observing  tlie 
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tempcraturo  of  the  water  in  tlio  vesseU  the  cjliudcr  vas  fixed  v> 
the  axis  of  the  paddle,  wincli  was  then  made  to  revolve  l»y  iIk*  LII 
of  the  weiglits  to  the  floor  of  the  lalioratorjr,  cauffiiig  a  frkuoo 
against  the  water  in  the  vestyel.     Ttie  cylinder  was  theu  remtivni 
from  the  axis,  the  weights  wound  up  again,  and  the  frictiuu  rt^ 
newed.     After  this  had  been  n*|)eated  twenty  timesi«  Uie  cxjrn- 
nuMit  was  conchided  with  another  ol>servation  of  the  temptfatun: 
of  the  water.      The   mean  tem[)erature  of  the  hiliormtory  «u 
determined  hy  observations  made  at  the  beginninir.  middk**  au'i 
end  of  the  experiment,  and  the  cjuantity  of  heat  wliicli  the  vf^I 
lost  by  radiation  and  other  causes  was  determined  in  cverv  car** 
by  nutans  of  a  second  ex])eriment,  made  under  prei*iM.*ly  Uie  i^ntF: 
cin!umstances  as  the  first,  with  the  apparatus  at  n^st.     It  •!» 
then  ea>y  to  calculate,  by  means  of  [ISO],  tlie  numlier  of  uiul« 
of  heat  develo|)od  by  the  friction  of  the  water,  since  tlie  weidib 
of  the  C()p]>er  vessel,  of  the  brass  ]>addle  and  frame,  and  of  tlr: 
water,  as  well  as  their  several  ca])acities  for  heat,  and  Uie  incivai^ 
of  teni{>eraturo  caused  by  the  friction  of  the  [Mirticles  of  wutr, 
W(*re  kn(»wn.     This  quantity  of  heat  was,  then,  evidcudr  th^ 
equivalent  of  the   nuH:hanical    force   expended    in    monn^  lk« 
paddb'H   and    overcoming   the   friction.      In   onier    to  e^tinot^ 
the  ni«*chanical  force  thus  ex|K»nd<»d,  the  value  i»f  the  w«iilit«, 
tlie    beitrlit    tliroutrli  whieli    thev   fell,   and    the    velucitv  uf  Uj^ 
full,  w««n»  aeeuratelv  measured. 

In   one   series  of  e.\|HTiments,   the  value  of  t!h»   WficliJ?  *i* 
4<>»>.1*»-  irrains,  tin;   total   fall   in   inches    l,-»»n/J4H^  j^jj.i  ih..  \  - 
ItM-ity  *2.['2  inrhi's  p«T  MM-ontl.    The  weiirht,  startiiii:  fp»iu  tlu*  *:./ 
of  n***!,  s«M»ii  a<'i|uin'«l  the  vi-liM-ity  of  *2A'2  inches,  and  aUir>»A:'i* 
moved  with  a  uniform  motion  until  it  reaehrd  tlh*  ground.  «!.*r' 
the  vel«M-itv  uas  <levtrov«Ml.     Ihirimr  th<?   unifi»riii    motion,  it   * 
eviih'nt  that  tht»  intensity  of  the  foree  of  irravjiv  ailini:  ••?.  :. 
wt'ii'htH  \v:i»<  entirely  ex|M«nded  in  overeoming  tlie  fri«li«iu  *»;*  \. 
wat«T  <  \'2):   l»ut  hrfun*  thi»  nititioii  iNramt'  unifi»rm.  a  j«'it. 
i»r  th«'  fi»nf  wa»<  r\|M*ntiiMl  in  im|wirtini;  vrhK'ily  to  tb«'  u.  i^;:.:" 
Th*'  u!i«'l'*  nHM-hanieal   |M»w«'r  e.\|K*n<lr<l   in  ovi'DNimiuir  tin*  Ir.  • 
ti«Mi  ••!'  th«'  \\at«T,  and  thu**  L^'Mirratini:  heal,  is  then  llie  |«i».r  •■ '  * 
er:it«-i|  l.y  th«*  tnrer  <»r  irravity  aetinu  on  the  ma>s  «if  lb**  w»i;rf;> 
throUL'h   thf  uhoh»  distance  faUen,  le«^s  tin*  jM»wer  p^nerultti  \f 
th«*  ^AU\*'  f«»ni»  aitinir  throuirli  tin*  tii^tanee  pNiiiinMl  to  im:«rt 
a  >eliKiiy  u{  '2A'l  inches.     iJy  [«IJ,  wo  find  that  a  fall  throujrii 
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0.0076  of  an  inch  would  impart  a  velocity  of  2.42 ;  and  since  the 
weights  were  wound  up  twenty  times  in  each  experiment,  a  fall 
through  twenty  times  0.0076,  or  0.152  inch,  would  represent 
the  entire  loss  due  to  the  increase  of  velocity.  Hence  the  me- 
chanical power  expended  m  overcoming  the  friction  of  the  water 
was  a  force  having  the  intensity  of  406,152  grains,  actuig  through 
1^60.096  inches.     Compare  (63). 

We  have  assumed,  in  this  estimate,  that  the  intensity  of  the 
force  of  gravity  was  entirely  expended  in  overcoming  the  friction 
of  the  whole ;  but  tliis  was  not  the  case,  for  a  portion  of  the  force 
was  used  hi  overcoming  the  friction  of  the  pulleys  and  the  rigid- 
ity of  the  cord.  This  was  ascertained  by  a  separate  experiment, 
in  whicli  the  pulleys  and  cord  were  disconnected  from  the  paddle- 
wheel,  to  be  equal  to  2,837  grains  acting  during  the  whole  time, 
which,  deducted  from  the  value  of  the  weights,  gives  403,315 
grains  for  the  actual  force  overcome  by  the  friction.  This 
force,  acting  through  1,260.096  inches,  is  equivalent  to  a  force  of 
6,050.186  pounds  acting  through  one  foot,  or,  using  the  teclmical 
expression,  to  6,050.186  foot-pounds.  But  in  order  to  obtain  the 
whole  power  overcome  by  the  friction,  we  must  add  to  this  amount 
16.928  foot-pounds  for  tlie  force  developed  by  tlie  elasticity  of 
the  string  after  the  weights  touched  the  ground,  making  the 
whole  mechanical  force  expended  in  overcoming  friction,  and 
thus  developing  heat,  equal  to  6,t)67.114  foot-pounds,  as  the  mean 
of  all  the  experiments  of  the  scries.  The  same  series  of  experi- 
ments gave,  for  the  mean  value  of  the  quantity  of  heat  evolved, 
7.842299  English  units  ;  *  and  hence,  ^^  =  773.64  foot- 
pounds  will  be  the  force  which  is  equivalent  to  one  Englibh 
imit  of  heat. 

In  tliese  experiments  a  portion  of  the  force  is  used  in  over- 
coming the  resistance  of  the  air,  and,  making  the  correction 
necessary  to  reduce  the  results  to  a  vacuum,  and  omitting  the 
fraction,  we  get  772  foot-pounds  as  tlie  mechanical  equivalent, 
which  Joule  regards  as  the  most  probable  value.  Similar  experi- 
ments, in  which  the  friction  was  produced  by  an  iron  paddle- 
wheel  revolving  in  mercury,  and  others,  in  which  it  was  produced 
by  two  cast-iron  wheels,  gave  for  the  mechanical  equivalent  of  heat 
774  foot-pounds,  —  a  number  which  is  surprisingly  near  the  first. 

*  The  English  unit  of  heat  U        <  ty  of  heat  required  to  raise  one  avoirdupois 

pound  of  water  one  F  Vi^  and  GO^'. 


488  CHEMICAL  PBTSICS. 

We  have  given  the  above  calcolation  in  Engliah  weights  wai 
rocanurcs,  IxK^auKo  it  is  m>  given  in  tlio  original 
whicii  we  would  refer  for  further  details.  In  the  Frendi 
these  results  correspond  to  428  and  424  kilognunme^iwcm. 
or,  in  other  words,  tlie  unit  of  heat  is  equivalent  to  a  furoe  U 
428  kilogrammes  acting  througli  one  metre. 

Let  us  now  see  in  what  way  these  results  of  Joale  ermini 
those  stated  in  the  last  section.  It  will  be  rememlierpd  tliat  the 
value  of  the  specific  heat  of  air  nmler  camstami  roimme  was  de- 
duced from  the  velocity  of  sound.  This  %-alue  funiishes  n»  witk 
all  the  dat«i  required  for  calculating  tlie  mechanical  ctimvalnt 
of  huat ;  and  if  the  doctrine  of  the  conservation  of  forces  if  cor 
rect,  the  e<iuivalent  calculated  from  the  velocity  of  sound  ou^ 
to  a^ree  with  that  determined  by  Joule  from  his  experimcnu  oa 
friction.  Such  an  agreement  would  not  only  confirm  tlie  value 
which  has  lieen  assigned  to  the  specific  heat  of  air,  but  it  wouU 
also  tend  to  confirm  tiie  doctrine  in  question. 

Let  us  suppose  that  we  have  a  cylinder,  the  area  of  whoso  btie 
equals  1  i-.  m.',  filled  to  the  height  of  278  c.  m.  with  air  at  M*  and 
under  a  pn^sure  of  76  c.  m.  By  Table  II.  tlie  weigitt  uf  ilui 
mass  of  air  would  l»o  equal  to  0.3531  gramme.  If  we  rai^e  the 
tem[H'rature  of  this  air  from  0^  to  1^,  it  will  exfomd  7I1  of  its 
volume,  and  will  risi*  in  the  cylinder  one  centimetre*  thus  lift- 
ing the  weitrlit  of  the  atmos))liere  on  the  lNU«e  of  tht*  ryliiuW  — 
lj)^U.!^  grammes  —  tlirou^h  this  distamv.  The  quantity  of  )i^ 
requinnl  to  ruis4»  tlie  teni|H»niture  of  O.»io27  granuno  of  air  t'nim 
i)°  to  r  is,  hy  i'lM),  equal  to  0.n527  X  0.0OO2:i7,  or  HJUNHi**.^ 
unit.  Of  tliis  amount,  a  )»:Lrt  only  is  consununl  in  ex[«indiiiir 
tho  air,  th<»  n*>t  rrniainin^  free  and  incroasinp  the  teni|H*niturf 
of  the  mass  of  iras.  I>y  ( 'JoT  ),  the  |»art  which  din**  tlu*  mi'i*h;i- 
ieal  w<irk  i»«  equal  to  the  diffcTtMice  lM»twt»«»n  tlie  !«pivifn*  h.»'*t  vi.  '  r 
constant  pres>un*  and  the  ^[ri>ci^lc  heat  under  cua>laiil  %ulaiu<.. 
Hence,  in  tlie  pn*s4*nt  cas4\  it  is  e<jual  to  [hvO] 

iUHHKif^Ci  —  ((MNKNl83r>  -^  1.417)  =0.<KKHtl>4C  uoit  of  hcttt 

It  follows,  then,  that  in  the  ex|uinsion  of  air  0.0000246  unit  of 
heat  will  rai*»e  l,tKJ:J.:?  ^ranunes  one  centimetre,  or,  what  i*  fqu:^- 
alent  to  this,  one  unit  <if  ht^at  will  niiM'  4l\)  kilognunnM*^  cukC 
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metre;'  The-  difference  between -^ thie  Talue  of  the  •mechanical 
equivalent  of  heat  and  that  obtained  by  Jotile  (428  kildgramme^ 
metres)  is  very  small,  considering  the  entirely  heterogeneous 
data  which  enter  into  tiio  calculation. 

Assuming,  tlien,  that  the  doctrine  of  the  mechanical  equiva- 
lency of  heat  is  established,  it  follows  that  the  law  of  Dulong 
(237)  holds  in  all  cases  where  the  same  mechanical  power,  act* 
ing  on  equal  volumes  of  different  gases,  causes  the  same  amount 
of  condensation.  But,  as  we  Jiave  seen,  this  is  not  always  the 
case ;  hence  the  law  of  Diilong  must  be  subject  to  the  same  limi- 
tation as  that  of  Mariotte  (165).  Indeed,  the  law  of  Dulong  is 
probably  only  an  imperfect  expression  of  Uie  mechanical  equivar 
lency  of  heat,  and  is  true  so  fSur  as  the  same  expansion  or  comr 
pression  represents  the  same  amount  of  mechanical  work. 

PROBLEMS. 

Specific  HeaL 

391.  How  much  heat  is  required  to  raise  the  temperature  of 

500  kilogrammes  of  water      from        4^  C.  to  94^  ? 

235          »'          "        Bulphur     "          209       *'  lOO® ! 

336          "         "        charcoal    "            5o       "  500°? 

9  467   grammes  of       alcohol      "           8©       "  20°? 

10.234          "         "        ether         "      —20®       **  130I 

292.  Calculate  the  quantity  of  heat  which  is  required  to  raise  the  tem- 
perature of  the  weight  of  the  different  elements  represented  by  their  cfaem* 
ical  equivalents  one  degree. 

293.  The  following  quantities  of  water  were  mixed  together :  — 

2  kilogrammes  of  water  at  lO^'  C, 

5  "  "  "  30O, 

6  "  •*  "  20°, 

7  "  "  "  120. 

What  was  the  temperature  of  the  mixture  ? 

294.  The  quantities  of  water  t^i,  ir,,  1^3,  i£7|,  at  the  respective  tempera- 
tures of  ti**y  t/,  t^^j  ti*,  were  mixed  together.  What  was  the  tempera- 
ture of  the  mixture  ? 

295.  How  much  water  at  99^  and  how  much  water  at  1 1^  must  be 
mixed  together,  in  order  to  obtain  20  kilogrammes  of  water  at  30°  ? 

296.  Determine  the  temperature  of  a  mixture  of  one  kilogramme  of 
water  at  100°  and  one  kilogramme  of  mercury  at  0° ;  aLso  of  one  kilo- 
gramme of  mercury  at  100°  and  one  kilogramme  of  water  at  0°. 

297.  How  many  kilogrammes  of  mercury  at  100°  muiit  be  added  to  one 
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kilogramme  of  wAter  at  0*  m  order  thai  the  temperatore  of  tbe 

may  be  50®  ?     A1m>,  how  much  water  at  100®  munt  be  added  to  one  kii^ 

gramme  of  mercuiy  at  0®  to  raiM  iu  temperaluro  to  60®  ? 

298.  Equal  volumes  of  mercury  at  100®  and  water  at  0®  are  mkati 
together.     Ii(*quircd  the  temperature  of  the  mixture. 

299.  A  maM  of  matter  weighing  6.17  kilogrammes  at  the  temperaim 
of  80®  i^  mixed  with  25.45  kilogrammes  of  water  at  the  u*roperatunr «/ 
12®.5.  The  mixture  is  found  to  have  the  temperature  of  14®.17.  W^ 
is  the  specific  heat  of  the  body  ? 

300.  How  many  kilogrammes  of  gold  at  45®  would  be  n^quiivd  to  nm 
the  temperature  of  1,000  grammes  of  water  from  12®^)  to  15*.7? 

301.  Tlie  specific  heat  of  an  alloy  containing  one  equivalent  of  kid 
(103.6  ]Mirti^)  and  one  equivalent  of  tin  (584)  parts)  was  found  by  experi- 
ment to  be  0.0407.  How  does  this  value  correspond  with  that  whirii  bst 
be  calculatcil  on  the  assumption  that  the  alloy  is  a  mechanical  mixtore  <d 
the  two  metabt  ? 

302.  Tlie  s{)ecific  heat  of  sulphide  of  mercury  (Hg  S)  was  (oatid  hj 
ex|)eriment  to  be  0.0512.  How  does  this  value  agree  with  that  calculated 
on  the  aHt»umption  made  in  the  lant  problem  ? 

303.  A  piece  of  iron  weighing  20  grammes  at  the  temperature  of  ^^ 
is  drup|M.Hl  into  a  gluAs  vesi»el  weighing  1 2  grammes,  and  cuntaining  1>* 
grammes  of  water  at  10®.  The  temperature  of  the  water  is  thus  nufcd  ti> 
11®.29.  ]lc<]uired  the  specific  heat  of  iron,  knowing  that  the  specific  best 
of  glass  U  o.lOTtX 

30 1.  Tho  Wrights  of  diflVrpnt  suh<tanc<*s  ir, ,  ir,,  ir,,  tr,,  at  the  r^ 
spectivc  li'in|KTatun*?4  ^,®,  f,®,  ^,®,  /i®,  ami  having  the  n^^iHt-tivi"  aimftf 
heats  r, ,  r,,  Tj,  r,,  arc  8iip|K>se<l  to  Ik.*  niixi*<l  together.  lt4-t|utrvdthrttG- 
|K*r.itiire  ot'  the  niixtun*  in  terms  of  the  othrr  \alues. 

3o.'i.  Calculate  the  f^iM^ntic  heat  of  oil  of  tuqK'ntine  from  tbe  ti>Il>«' 
injr  «lat:i :  rj..*»7  ^'niiniiK'H  of  the  oil  at  33**.7  wfre  niixttl  «uh  47"  J 
gnuiiine^  of  water  at  rj^/i.'t ;  tlie  tein|>«*rature  of  the  mixturr  «a»  luuzki 
to  U*  I«r.o7 :  thi*  f>il  \%ii.<  enelo^inl  in  a  frhisH  tul>c  weighing  5.lV»  f:mtmf^ 
and  ha\in^  a  ^IM•<•iti<•  heat  ei|tial  to  0.177  ;  Li.«»tly,  the  wairr  «a«  ninUJkr^ 
ill  a  ('t»|i|i«'r  \4*«M>I  wcighin*;  4r».2'i  ^ninimt***,  and  Imping  a  »|»cvific  bras 
e<|iial  to  <».<'l».'>. 

*J*"».  A  platiniitn  Imll  wrijrhinc  l.'jO  grammes  i-*  h«*atf«l  to  l.t^"»\  snJ 
th«ii  |»hini:«d  intn  imm*  kilof;ranune  of  water  at  !<»'.  Atli-r  an  r<i}uiUl«nus 
i-*  «-taMl*h«-d,  how  liiirh  i**  tlie  t«*mjM'niture  of  the  wul«*r,  aM^umins  itss 
th«*wat<r  n'i^'ivf<«  all  the  h<*at  whieh  the  platinum  lniU  hH4*«?  If  the 
watt-r  i«  o»iiiaiiie<l  in  a  hra.<<^  ve<*M*l  weighing  2uO  gnimme#«  bow  bir^ 
would  In*  iIm'  t«*m|«'nitiire  of  the  watiT  ? 

•t<'7.  A  platinum  hall  weit^hinfr  ](>o  p-ammes,  aAer  harine  Iw-v^i  ^i* 
|M»M-d  ft>r  MMue  time  to  the  heat  of  a  funiaoe,  is  thrown  into  a  bnua  v 
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containing  750  grammes  of  water  at  5^.  The  weight  of  the  brass 
amounted  to  150  grammesy  and  the  temperature  of  the  water  after  the 
equilibrium  was  established  to  15^.  What  was  the  temperature  of  the 
famace,  assuming  that  no  heat  was  lost  from  the  vessel  and  water  during 
the  experiment? 

808.  How  much  heat  is  required  to  raise  the  temperature  of  one  cubic 
metre  each  of  air,  oxygen,  carbonic  acid,  and  hydrogen  from  0^  to  15^,  as- 
suming that  the  gas  is  allowed  to  expand  freely,  and  that  the  pressure  is 
con.<«tant  at  76  cm. 

809.  A  room  measures  7  metres  by  6  on  the  floor,  and  is  4  metres  high. 
How  much  heat  is  required  to  raise  the  temperature  of  the  air  in  that 
room  from  5^  to  18^  when  the  barometer  stands  at  76  c  m.  ?  How  much 
beat  is  lost  in  expanding  the  air  of  the  room  ? 

810.  How  much  heat  would  be  required  to  raise  1,000  kilogrammes  of 
water  100  metres,  if  the  full  effect  of  the  heat  were  realized  ? 


EXPANSION. 

(239.)  Coefficient  of  Expansion.  —  It  has  already  been  stated 
(216)  that  the  first  effect  of  heat  on  matter,  in  either  of  its  three 
states,  is  to  expand  it ;  and  wo  have  also  examined  the  most 
important  means  by  which  the  effects  of  expansion  are  used  as  a 
measure  of  temperature.  We  will  now  study  the  phenomena  of 
expansion  more  in  detail ;  but,  first,  we  will  establish  a  few  for- 
mulae by  which  the  amount  of  expansion  can  be,  in  any  case, 
readily  calculated. 

Linear  Expansion.  —  The  small  fraction  of  its  length  by 
which  a  rod  of  iron,  or  of  any  other  solid,  one  metre  long, 
expands,  when  heated  from  0**  to  1*,  is  called  the  Coefficient  of 
Linear  Expansion  of  the  solid.  A  bar  of  iron  one  metre  long  at 
0^  becomes  1.0000122  at  1%  and  the  small  fraction  0.0000122  is 
the  coefficient  of  linear  expansion  of  iron.  If  we  assume  that 
the  expansion  is  proportional  to  the  temperature,  then  a  bar  of 
iron  one  metre  long  at  0°  becomes  1.00122  metres  long  at 
100%  1.00244  at  200%  1.0061  at  500%  etc.  Hence  a  bar  of 
iron  26.354  metres  long  at  0^  would  become  1.0061  X  26.354 
=  26.515  at  500**.  To  make  the  solution  general,  let  A:  =  co- 
efficient of  expansion  ;  then  1  -f  A:  =  increased  length  of  a  rod 
which  is  one  metre  long  at  0®,  when  heated  to  1®,  and  (1  -f-^  ^)  = 
increased  length  at  f".    Hence  /  (1  -j-  ^  *)  =  increased  length  of 
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a  rod  at  /*  which  is  /  metres  long  at  0*.  Bepntentiag,  Uien^  hf 
tj  this  increased  lengtii,  wo  hare 

^  =  /  (1  +  <  *)  ;  [VA.] 

by  which  wo  can  eas^ily  calculate  the  length  of  a  rod  of  any 
metal  at  t^j  when  its  length  at  0^  and  its  cocflicient  of  expan»ioo 
are  given.  The  coeflTicienU  of  ex|Minsion  of  the  tMilidsi  mobt  fre- 
quently used  in  the  fkris  are  given  in  Table  XV. 

It  is  frequently  the  case  tliat  we  do  not  know  the  Icntrth  u{ 
the  rod  at  0^,  but  only  at  somo  other  temperature,  /«  and  it  i* 
required  to  determine  the  length  at  a  MHM>iid  tem[ienitun%  ( , 
which  may  be  either  higher  or  lower  than  /.  To  olitiuu  a  foimulA 
for  the  purpose,  denote  by  /  the  unknown  length  of  tho  rod  at  if. 
by  f  the  known  length  at  /"*,  aud  by  /"  tho  required  leugtb  al  I*. 
We  have  tlien,  as  above, 

/'  =  /(!  +  /  A),         and         /"  =  /  (^1  +  i  k). 
By  combining  these  e<iuations,  we  obtain 

/»  ^  t  (J-^:)  =  A  [1  -H  *  C/'  _  0  +  Ac]        [l.Jo.] 

All  the  terms  of  the  quotient  after  the  finit  may  l>e  noirlcetcd, 
becauj<c  they  contain  jM)wor8  of  the  already  very  muuH  fractitm  k. 

We  have  assunuMl  that  the  <*x|Minsion  of  S4»lids  is  pn>|N»rti«4ul 
to  the  toni|>enitunN  but  this  is  not  fitriotly  tru«.» ;  for  tht»  rate 
of  ox|Minsion  of  sol'uls,  like  tliat  of  mon'ury  (-ll*),  inorva!^-*, 
although  but  vory  sli^'-htly,  as  the  t«»ni|K»raturp  riMni.  Tho  o- 
cfTififMit  of  expansion  is  n<»t,  then'fort»,  absoluti*ly  tho  mini**  Ml 
all  parts  of  tlir  th«'rni«>ni«'tiT-soalo ;  but  th<»  dilVen»nce  i>  i*o  Miiail 
that  we  can  n<"j;hM-t  it,  t'x<M'j»t  in  tho  nio>t  n-'funtl  invt^^tiira- 
tions,  ninn*  t*'^|H'rially  if  wr  u»*o,  not  the  r<M»ftioiont  i>l»«4»rvtHl  at 
any  particular  t«*ni|MTaturc,  but  a  mean  c<M»rticicnt  obtaine«l  l«5 
divi«iiiig  by  100  tho  total  amount  of  ox|»ansion  bulwcvu  \f*  auu 
Ino',  hv  whioli  ni<*ans  wo  avcnuro  tho  ormr. 

(\thic  llrpnnsion.  —  Tho  sniall  fraction  of  it<  v«>lumo  l-y 
which  out*  cubic  continiotn'  of  a  M»li(l,  liquid,  or  giij*  inrrvatn 
when  hfal«"d  from  0*  («>  1',  i>  railed  tho  (Wjfirirmi  of  Cmhu 
I'lrpansinn  of  tbat  •*u)»>tanci».  The  coofticiont  of  cx[Mili!»i«»n  uf 
ni'Ti-urv,  fur  exaiiipl<\  is  o.oonis  ;  that  is,  one  cubic  c«.*ntinH*tn* 
of  morcury  nt  U*  lK?eomos  1.0<n»l.S  <•. m*  at  1'.     As^unuug  llica 
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that  the  expansion  is  proportional  to  the  temperature,  we  obtain, 
by  the  same  course  of  reasoning  as  above,  the  formula 

F=F(l  +  ^jr);  £166.] 

by  which  the  increased  volume  (  F')  of  any  mass  of  matter  may 
be  calculated,  when  the  volume  at  0**  (F),  the  temperature  (^), 
and  the  coefficient  of  cubic  expansion  (JT),  are  known.  In  like 
manner  we  easily  obtain  the  formula 

V"  =  P  [1  +  JT  (r  —  0],  [167.] 

which  will  enable  us  to  calculate  the  volume  of  a  body  at  t"*  from 
tlio  volume  at  ^  and  the  coefficient  of  expansion. 

(240.)  The  Coefficient  of  Cubic  Expansion  is  three  times  as 
great  as  the  Coefficient  of  Linear  Expansion,  — The  truth  of  this 
simple  principle,  which  enables  us  to  calculate  one  coefficient 
when  the  other  is  given,  can  easily  be  proved.  For  this  purpose, 
let  us  suppose  that  we  have  a  cube  of  glass  measuring  one  cen- 
timetre on  each  edge  at  0'' ;  and  let  us  inquire  what  will  be  its 
increased  volume  at  1^,  assuming  that  the  coefficient  of  linear 
expansion  is  known.  At  1**  each  edge  of  tliis  glass  cube  will 
be  (1  +  ^)  c.  m.  long.  Hence  the  increased  volimie  of  the  cube 
will  bo  equal  to  (1  +  ky  =  1  +  8  k  +  Z  k"  +  k^  ;  but  as  A: 
is  an  exceedingly  small  fraction,  k^  and  /^  may  be  neglected 
in  comparison  without  any  sensible  error,  so  that  the  volume 
of  a  cube  of  glass  which  is  one  cubic  centimetre  at  0**  becomes 
(1  -|-  3  A:)  cm.'  at  1"*.  Since  by  [166]  the  volume  of  this  same 
cul>e  at  1"*  would  also  be  expressed  by  (1  +  -K^)  c.m.%  it  follows 
that  A''=  3  k,  which  was  to  be  proved. 

(241.)  The  increased  capacity  of  a  hollow  vessel^  in  conse- 
quence of  the  expansion  of  its  wall^  may  be  found  by  calculat- 
ing the  increased  volume  of  a  solid  mass  of  the  same  substance 
which  would  just  fill  the  interior  of  the  vessel.  —  A  moment's 
reflection  will  show  the  truth  of  this  statement.  Let  the  hollow 
vessel  be  a  glass  globe,  and  let  us  conceive  of  it  as  filled  with  a 
solid  globe  of  glass.  If  this  mass  be  heated,  it  is  evident  that 
the  glass  vessel  will  expand  just  as  if  it  formed  the  outside  shell 
of  a  solid  globe  ;  the  same  miLst  be  true  when  the  interior  core  is 
not  present. 
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Expansitm  of  Solids. 

(242.)  Measurement  of  Linear  Expmuiom.  —  The  MrlieM 
accurate  determinations  of  the  coefficients  of  linear  expanrion  vt 
solids  were  made  by  Lavoisier  and  Laplace  with  the  apparaiu 
represented  in  pcmpective  by  Fig.  867,  and  in  MWlion  by  Fi)t.  3^. 
This  apparatus  consisted  of  two  parts :  first,  of  a  copper  tank, 
in  which  a  bar  made  of  the  solid  whose  cocfficieiit  was  to  he 
determined  was  heated  to  a  uniform  temperature  by  immeninic 
it  in  heated  oil  or  water  ;  and,  secondly,  of  four  stone  po^ts  n{»- 
porting  an  ingenious  contrivance  for  measuring  tlie  increaM  of 


length.  Tlie  solid  bar,  alwut  two  metres  in  length,  rented  in  Ae 
tank  on  rollors,  with  one  end  ItcariiiK  tiffaintit  an  upriifhl  inun»T- 
ablc  gloss  bar,  Fisec  Fig.  ;ti!H).  firmly  fuptened  by  cro>>-j>i<'»>*»  i* 
the  two  stiiiii'  povis  oil  till-  It-Miaiid  fide  of  Fie  :t''T.  und  witli 
the  other  end  Waring  a|;»iiist  the  lever,  D.     The  u|ii«'r  end  "f 


Jt'        ■'■' 


this  li'vcr  was  attacluHl  to  a  hiiri7<intii]  nxi^  liiming  in  ■mck'-t* 
iii-.Tt.'.l  into  till-  two  xUiw-  |>illni>  on  ili.-  ritrht  of  Fi^'.  iWT.  and 
haviiii:  at  one  t-nd  t\\p  t.-l.>rf.|»>,  <!,  iidjii-t.-<i  with  il»  asi>  |wrpeii- 
di.iilar  to  th<'  b-v.-r  /).  Tb.-  H'b'M-oji.'  was  fiimi>h.-«l  with  s 
iniiTninfl'T  t'Vi'-iiiri'i'.  atiil  ii"  it  wiis  liirm-d  by  ibo  0X|ianMn«  of 
thi-  bar.  tbf  cni>>-win;-*  n»ovi-.i  dv.T  the  <iivisions  of  a  mtiI.'.  -1  B. 
|ila<:i-d  ill  a  vertical  [tosition  at  the  diHtuiice  of  lifly  metns  w 
more  from  the  in»trutuent. 
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The  apparatus  was  used  in  the  following  manner.  The  bar 
having  been  placed  in  position,  the  tank  was  filled  with  ice-cold 
water,  and  the  observer  noted  the  division  of  the  scale  on  which 
the  cross-wire  of  the  telescope  was  projected.  The  cold  water 
was  then  withdrawn  by  a  stopcock,  and  its  place  supplied  with 
boiling  water.  The  temperature  soon  became  stationary  and 
was  ascertained  by  thermometers  placed  at  the  side  of  the  bar, 
when  the  observer  again  noted  the  division  on  the  scale  with 
which  the  cross-wire  of  the  telescope  coincided.  Knowing,  now, 
the  distance  il  JB  on  the  scale  over  which  the  cross-wire  had 
moved,  also  the  distance  A  G  o{  tjie  scale  from  the  axis  of  ro- 
tation of  tlie  telescope,  and,  lastly,  the  length  of  the  lever  G  fl", 
it  was  easy  to  determine  the  value  of  H  C,  the  elongation  of 
the  bar.  The  two  triangles  A  B  G  and  H  C  G  are  similar 
by  construction,  and  we  have  H  C  :  H  G  =-  A  B  \  A  G^  ot 

H  C  =  A  B  -j-T^'    The  value  of  -j^v  depends,  evidently,  on 

the  dimensions  of  the  apparatus.     In  that  used  by   Lavoisier 

A  B 
and  Laplace  it  was  about  f\j^  so  that  HC=:  =2j,  and  hence 

any  error  in  the  measurement  o{  AB  was  divided  744  times  in 
the  result. 

The  length  of  the  bar  at  0**  being  known,  and  the  elongation 
corresponding  to  an  observed  number  of  degrees  having  been 
measured  as  just  described,  it  was  easy  to  determine  the  coeffi- 
cient of  expansion  by  dividing  the  elongation  in  fractions  of  a 
metre  by  the  length  of  the  bar  in  metres  and  by  the  number  of 
degrees.  For  example,  let  us  suppose  that  the  length  of  the  bar 
at  0®  was  1.786  m.,  and  that  the  elongation  corresponding  to  80" 
was  0.004  ;  the  coefficient  of  expansion  would  tlien  be  0.004  -4- 
(1.786  X  80)  =  0.000028. 

Since  the  experiments  of  Lavoisier  and  Laplace,  the  linear 
coefficient  of  expansion  of  glass  and  of  the  metals  most  used  in 
the  arts  has  been  redetermined  by  a  number  of  physicists,  and 
with  various  methods ;  but  as  these  methods  do  not  involve  the 
application  of  any  new  principle,  it  is  not  important  to  describe 
them. 

(243.)  Determination  of  (Joefficient  of  Cubic  Expansion,  — 
We  have  already  seen  that  the  coefficient  of  cubic  expansion  is 
three  times  that  of  linear  expansion,  so  that  the  cubic  expansion 
of  a  homogeneous  solid  c€in  always  be  easily  calculated  from  the 
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linear  expansion.  In  many  cases,  howcTer,  tho  coeficie&t  ^t 
cubic  expansion  can  bo  meanured  with  more  accuracj  tliaa  the 
other,  and  it  is  tlion  be^t  to  reverse  the  calculation.  The  coeft- 
cient  of  cubic  ex[>ansion  of  several  solids  can  be  detennined  vitb 
great  accuracy,  by  means  of  a  [trocess  based  on  the  appare&t 
expansion  of  mercury,  which  will  be  described  in  (254).  It  cu 
also  bo  detertaiined  in  tlio  following  manner  from  tlie  spoci^ 
gravity  of  the  solid  taken  at  difTereut  tem|ierutures :  — 

Let  (Sp,  Gr,)  and  {Sp.  Gr,)'  represent  the  specific  gravity  (if  the  wW 
at  the  temperatures  t  an<l  f  respectively.  AL«o  let  IT.rrprrMmt  tkt 
weight  of  the  solid  mans  u.<ied  in  the  experiment,  I"  the  volume  at  0*. 
and  A'  the  unknown  coefficient  which  we  wish  to  determine.  We  htie 
then,  by  [  1  GO],  for  the  volume  of  the  solid  body  at  f*  and  t  \  the  lakci 
V{\  -f '  A')  and  r(l  +fK);  by  sub^ttituting  these  values  in  [S6j  wt 
obtain,  for  the  value  of  the  specific  gravity  at  the  two  temperatons^ 

Combining  these  two  equations,  and  reducing,  we  get  for  the  vakie  of  tbc 
coefficient  of  cubic  expansion, 

r  _      (^^P'Gr,)  —  (.^,Gr.Y__  r^,*^i 

^  ~  ( .s>>. Gr.y  r  —  ( >>. Gr.)r  I  ^  ^ 

Ko))p  has  determined,  by  the  al)ove  method,  the  coi^fficwnt 
of  culuc  expan>ioii  of  a  mimlK.T  of  solids,  and  lu:»  n*suh»  i.^ 
included  in  Table  XV. 

(244.)  (hnvral  Ill-suits.  —  Ry  eianiinin^  Table  XV.  ii  «.'.i 
Iw  seen  that  the  increase  of  length  which  a  solid  liar  undenr-^ 
when  heated  from  U'  to  100^  is  at  most  ver\'  small,  anioiinuii;;  r.. 

m 

the  cas<»  <»f  zinc,  the  most  ex|Minsil>le  of  all  wdids  liitli**rt<>  *•  •> 
served,  to  only  ^Jt,  of  the,  length  at  zero.  The  difTen-nce.  h"»- 
ever,  l>etween  ditlenMit  solids  is  very  gn»at,  zinc  ex[»andini:  M^*r 
three  times  as  much  as  glass  for  the  same  increase  of  tt^iu;*.:- 
at^re. 

The  Tflative  ex[)ansihility  of  solids  seems  to  l>o  mon*  nearU 
relattMJ  to  ilieir  rehitive  c<»m|»reN>il»iliiy  than  to  any  other  ph}>;cal 
quality  ;  for  we  find,  as  a  general  rule,  tliat  tho^e  metaU  tiY 
the  most  ex|>ansihl(>  which  have  the  smallest  ciH^fficients  of  thy 
ticity  ( l<n  )  and  are  then^fure  most  easily  amiprcssed.  Tb* 
hict    is    bhowu    by    the   two    following    series,    in    which    tk 
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metals  are  arranged  in  the  order  of  expansibility  and  compres- 
sibility :  — 

» 

Zincy  Lead,  Tin,  Silver,  Grold,  Palladium,  Copper,  Platinum,  Steel,  Iron, 
Glass. 

Lead,  Tin,  Gold,  Silver,  Zinc,  Palladium,  Platinum,  Copper,  Steel,  Iron, 
Glass. 

Although  these  two  series  are  not  perfectly  parallel,  they  are 
sufficiently  so  to  indicate  a  close  comiection  between  the  two 
properties.  This  connection  is  also  seen  in  the  fact,  that  the 
diminution  of  the  coefficient  of  elasticity  with  the  increase  of 
temperature,  already  noticed  (101),  is  accompanied  with  a  cor- 
responding increase  of  the  rate  of  expansion. 

The  increase  of  the  coefficient  of  expansion  between  0**  and 
100®  is  hardly  perceptible  in  solids ;  but  when  the  change  of 
temperature  amounts  to  several  hundred  degrees,  it  is  necessary 
to  take  account  of  it  in  delicate  physical  measurements.  This 
is  especially  the  case  with  the  glass  vessels  which  are  used  for 
air  thermometers  or  in  determining  the  specific  gravity  of  va- 
pors ;  and  in  order  to  furnish  the  necessary  data  for  such  experi- 
ments, Regnault  has  determined  the  mean  coefficients  of  cubic 
expansion  of  the  common  Paris  glass,  when  blown  into  hollow 
ware,  between  zero  and  different  temperatures.  His  results  are 
as  follows :  — 

.  ^=0.0000  276. 

"     0.0000  284. 

"     0.0000  291. 

"     0.0000  298. 
.       «     0.0000  306. 

**     0.0000  313. 

• 

From  the  fact  that  the  rate  of  expansion  of  a  solid  increases 
with  the  temperature,  we  should  naturally  uifer  that  the  rate  for 
any  given  solid  would  be  greatest  just  below  its  melting-point ; 
and  of  several  solids  taken  at  the  temperature,  of  the  air,  wo 
should  expect,  other  things  being  equal,  that  those  would  be  the 
most  expansible  which  are  nearest  their  melting-points  at  this 
temperature,  or,  in  other  words,  which  are  the  most  fusible. 
Tnis  we  find,  as  a  general  rule,  to  be  true ;  the  easily  fusible 
solids,  like   zinc  and  lead,  being   more   expansible   than   the 
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difticultly  fusihlo,  liko  iron  and  platinum:  bnt  there  b  hjr  no 
means  a  |)erfect  {larallolism  l)etwccn  tlio  order  of  fiisihilitr  %ad 
that  of  ex[Minsil)ility  ;  nor  ought  wo  to  ex])Cot  it,  for  difl<^mi 
metals  are  not  c<|ually  expansible  at  temjicratures  equallr  di»* 
tant  fnmi  their  melting-points. 

(24').)  Ri'pansion  of  Crystals.  —  Wc  have  hitherto  aivuin^ 
that  solid  bodies  expand  e(|ually  in  all  directions,  and  thui  is 
true  of  all  homogeneous  solids  ;  but  it  is  not  m*cessarily  Uie  cait 
with  crystals.  Only  those  crystals  whicii  l)eK»n^  to  tlie  Ri*fruUr 
System  ex)Mind  equally  in  all  directions.  Thut«e  )H*l(Hifciog  t^ 
the  otiier  systems  ex]»and  unei|ually  in  the  direction  of  the  ua- 
ei\\\a\  axes.  This  ine4|uality  in  the  expansion  of  crvhtaLft  in  tbe 
directions  of  unetpial  axes  can  1)C  readily  detectetl,  liccause  la 
alteration  in  the  relative  length  of  the  axes  must  change  the  iolrr- 
facial  angles  of  the  crystal,  which  can  l>o  measured  with  gnsat 
accuracy  (0(>).  Professor  Mit^cherlich/  of  Berlin,  who  lias  Ten 
carefully  studied  this  subject,  found  that  the  interfacial  anglei  of 
all  crystals,  except  those  l)elonging  to  the  regular  system,  vorr 
slightly  affected  by  changes  of  tem]x;raturc.  The  rliombohednl 
angle  of  calc-spar,  for  example,  (page  150,)  raries  eight  and  i 
half  minutes  l)etween  the  freezing  and  boiling  pointu  of  water. 
IndtHMl,  Mit<H:herlieli  hus  shown  that,  while  a  crystal  is  expandi&c 
in  length  by  heat,  it  may  uctuully  l>e  contracting  in  anotlhT  di- 
mension. Tbese  facts  are  in  entire  luimiony  with  the  princi}ii»H 
of  tbf  liu*4t  sertion  ;  for,  sinco  the  elasticity  of  crv>tuls  is  ditToD'st 
in  difTenrnt  din*ctions  ( 10^),  we  should  naturally  expect  that  tb: 
rate  of  expansion  would  l>e  clitr«Tont  also. 

In  investijratinir  tlie  laws  of  rx|Kinsion  of  solids,  it  is  o^idciiilT 
advisable  to  niakr  elioico  of  iTystallized  lMKli«»s  ;  for  wli.*n  tS^ 
substance  is  not  crystalli/.rd,  the  expansion  of  diflfenMit  >ji«v !»>••::'♦ 
may  not  U»  pn^ri^'ly  tin*  s:inu»,  owing  to  variations  of  iht«*n;il 
struotun.*.  This  is  probably  the  eausc^  of  the  disi'repancit**  m\wh 
we  find  lM»twtM»n  thr  (MM^flirirnts  of  ex[tansion  of  the  sann*  •ulv 
stanoi*  as  givon  by  ilifTenMit  exjuTimenters.  The*«»  diM'n^fams^ 
indtM*d,  an'  the  nio^t  marked  in  the  ease  of  sul>stance»  like  c\»f** 
in  which  w<*  shuuM  naturally  ex|>ect  the  grcatot  variations  ii 
stniftun*. 

Thf  expansion  of  ^dass  has  U^cn  mon»  carefully  studied  thac 

•  I'oK'gvtitiurlT '•  AnnaUn,  I   12&.  X.  137,  XLI.  SIS. 
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that  of  any  other  substanco,  on  acconnt  of  its  use  in  physical 
apparatus.  Regnault  has  found,  not  only  that  the  expansion  of 
glass  varies  with  its  composition,  but  also  that  it  varies  with  the 
manner  in  which  it  has  been  worked.  Thus,  the  same  glass  ex- 
pands more  in  the  form  of  a  solid  rod  than  in  that  of  a  tube,  and 
a  large  vessel  frequently  expands  at  a  different  rate  from  a  small 
vessel  made  of  precisely  the  same  material.  Indeed,  Regnault 
has  shown  that  the  coefficient  of  the  same  glass  vessel  is  not 
always  absolutely  tlie  same  between  the  same  limits  of  temper- 
ature, especially  if  between  two  observations  it  has  been  exposed 
to  great  and  sudden  thermal  changes.  These  variations  are 
probably  due  to  changes  in  the  molecular  condition  of  tlie  glass, 
and  are  similar  to  those  which  cause  the  change  in  the  zero  point 
of  the  thermometer  (220). 

It  follows  from  the  above  facts,  that,  where  very  great  accuracy 
is  required,  it  is  important  to  determine  the  rate  of  expansion  of 
the  actual  vessel  which  is  to  be  used  in  the  experiment. 

(246.)  Force  of  Expansion.  —  The  force  with  which  a  body 
expands  is  equal  to  the  resistance  which  it  would  oppose  to  a 
compression  of  an  equal  amount ;  we  have  already  seen  (101) 
how  very  great  this  resistance  is.  A  bar  of  iron  one  metre  long 
expands  0.0012  m.  if  heated  100"*.  If  now  we  assume  that  the 
area  of  the  section  of  the  bar  is  equal  to  2,500  mTm.',  and  that 
the  coefficient  of  elasticity  of  iron  is  equal  in  round  numbers  to 
21,000,  we  can  readily  calculate  by  [60]  the  weight  which  would 
be  required  to  compress  the  bar  0.0012.  This  weight  would  be 
21,000  X  2,500  X  0.0012  =  63,000  kilogrammes,  and  it  would 
be  necessary  to  apply  this  enormous  force  in  order  to  prevent 
a  bar  of  iron  measuring  5  c.  m.  on  each  side  from  expanding, 
when  heated  from  0"*  to  100®.  It  is  not,  tlierefore,  at  all  won- 
derful that  iron  bars  used  in  buildings  frequently  destroy  the 
masonry  they  were  intended  to  strengthen,  where  care  has  not 
been  taken  to  allow  for  the  expansion. 

The  force  with  which  a  solid  contracts  when  cooled  is  equal  to 
that  with  which  it  expands  when  heated.  This  force  was  first 
used  at  the  Conservatoire  des  Arts  et  Metiers,  in  Paris,  for  draw- 
ing together  the  walls  of  an  arched  gallery  which  had  bulged 
outward  from  the  pressure  of  the  roof,  and  the  experiment  has 
since  been  successfully  repeated  in  several  other  buildings. 
Stout  iron  rods  were  placed  across  the  building,  and  their  ends 
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Fccurctl  to  the  ontKido  of  the  wnlh  hy  meaiifi  of  platon  and  nnK 
Ilulf  of  the  iniinl>cr  of  rwU  were  then  strongly  heatr«l  hj  rliar- 
coal  funiaee8,  and  when  they  were  ex|Minded  the  plates  wrn* 
screwed  finnly  up  to  the  wulls.  Ah  the  Imrs  ccNih^l,  they  nHi- 
tractiMl  aii<I  drew  the  walls  somewhat  nearer  togcthcT.  Tho  miiw 
process  was  then  re|)eated  with  tho  other  half  of  tho  mdj*.  anil 
8o  eoiitinued  until  tho  walls  were  restored  to  a  jM*rppndicuUr 
{M>sition. 

A|iplicationB  of  this  same  force  may  l)e  seen  in  niany  of  iIh" 
trades.  The  wheelwright  binds  the  parts  of  a  wheel  t<^*tlH*r  \x 
putting  on  the  iron  tire  while  hot,  and  allowing  it  to  contract 
round  the  wood  ;  and  even  the  large  wrought-iron  tin*s  round 
the  wheels  of  lm*oiQotive  engines  are  fai^tened  in  the  Mime  waj. 
The  coo|M»r  insures  the  tightness  of  a  cnsk  hy  hurmiinding  it 
with  heated  inm  hoops,  which,  hy  contracting,  unite  the  9>tave« 
more  firmly ;  and  htcam-lHulcrs  are  riveted  with  nrd-hot  riveK 
which,  on  ccM)ling,  draw  the  |»lates  together  more  secun*ly  tliaa 
anv  other  means  could. 

(247.)  Iliiistrations,  —  The  expansion  of  solids  hy  heat  mar 
be  illubtrated  by  a  \:n*i\i  variety  of  ex|>erinienis,  but  we  ^luill 

only  l»e  aide  to  describe  a  few  of  ibe 
most  striking. 

Tho  cuImc  expansion  may  U»  hhown 
by  means  of  ihe  apparatus  n»pn'^'Ul- 
ed  in  Ki^'.  IWJ.  Tb«»  bra*-'*  Uill  n  \* 
\\\in\o  so  that  it  will  ju'^t  pa*"*  tbn»u.*h 
tbt'  rinir  wi,  when  UtXh  bav.»  ilio  *;ii:i.' 
t<'nijH»ratun».  If  iben  Wi»  b»Mt  !l. ' 
ball,  it  will  no  loiiir»T  pa«»s  tlimu-jli  in 
any  |H>>iti<Mi,  tbus  indieatin;!  an  in- 
cri*aM»  III  volume. 

In  onl«T  to  illnstratt*  tli«*  liiKMr  o\|ian>ion  i»r  soliiK,  we  mak** 
u***"  of  a  ela«*»*  of  ni>trnnifnts  ealb'd  pitromt'tt  rs.  Chi**  of  th** 
••iiiipb^^^t  athl  nioHt  eonveiiii'iit  of  th«*M.»  i**  rt*pn»viitiM|  in  Fij.  .*m«». 
It  i'on>i^t'»  ♦"^M'ntiallv  of  tb<»  nxMallic  nnl  J,  one  iMid  of  «btt'b  i* 
firmly  s^TunMl  to  a  lirass  jiillar  l»y  means  of  tlie  ehim|»-s<'rvw  /i\ 
wbib'  tiif  «>tlier  end.  wbi«'b  is  fn-e  to  e\|Kind,  plays  »train*»t  tl»«' 
►h»»rtiT  arm  of  a  needb*.  A*,  moving  on  a  gra<luut«*d  arc.  Tlw* 
fimI  is  )ir:it*Ml  by  an  alcohol  lamp  of  [Mvnliar  constnietitui,  and 
its  r\|Min>iun  is  renden*d  visible  l>y  the  ni«»tion  of  the  needle  ov<r 
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the  graduated  arc.  Instrumeute  constructed  ou  the  same  prin- 
ciple have  been  employed  by  Daniels  and  others  for  measuring 
liigh  temperatures  ;  but  siuco  they  have  been  superseded  by  tht) 


far  more  accurate  methods  of  the  present  day,  it  is  not  necessary 
to  describe  tlicm  in  detail. 

The  unequal  expansion  of  different  metals  is  best  illustrated 
by  a  compound  bar,  mode  by  riveting  together  two  bars  of  iron 
and   copper   at  different  points 
tlirough   their  whole  length,  as  Fif.87i. 

represented  in  Fig.  371.  When 
such  a  bar  is  heated,  the  copper 
expands  more  tlian  the  iron, 
and   the   bar   curves,   as   repre-  i\t.im. 

sentcd  in  Fig.  372,  iu  order  to 
accommodate  the  inequality  of  length  which  thus  results.     If  the 
bar  is  cooled,  it  again  curves,  but  in  tlie  opposite  direction. 

The  expansion  of  solids  is  also  illustrated  l)y  many  phe- 
nomena of  cvery-day  life,  A  nail  driven  into  a  brick  wall  be- 
comes loose  after  a  time,  because  the  iron  exi>ands  in  summer 
and  cunti-acts  in  winter  more  than  the  mortar,  and  t!ms  the 
opening  is  enlarged.  Clocks  go  fastci  in  winter  and  slower 
in  summer,  because  the  pendulum  elongates  in  summer,  and 
consequently  vibrates  more  slowly ;  wliile  in  winter  it  liccomcs 
shorter,  and  vibrates  more  rapidly.  The  pitch  of  a  piano  or  harp 
rises  in  a  cold  room,  in  consequence  of  tlio  contraction  of  Die 
metallic  strings.  A  closely-fitting  iron  gate,  which  can  be  easily 
opened  on  a  cold  day,  can  only  be  opened  with  difficulty  on  a 
worm  day,  because  both  the  gate  and  the  at^oining  railings  have 
become  expanded  by  the  heat.     When  iron  pipes  are  employed 
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to  eondoct  steam  through  a  foctoiy,  they  are  ncrer  allowed  t* 
abut  against  a  wall  or  other  obtitacle,  which  they  might  ii^jure  ii 
expanding ;  and,  for  tho  same  reasons,  the  rails  of  a  railroad  ait 
always  laid  at  a  little  distance  a|>aK.  A  kilometre  of  nib 
ex[)and8  seven  metres  between  — 20*  and  40**,  and  this  allow- 
ance must  bo  made  in  the  construction  of  the  ruad.  When  i 
metal  is  soft,  and  its  expansion  or  contraction  at  all  resisted,  it 
may  become  i>ermanently  expanded  when  repeatedly  heated.  A 
waste  steam-pifio  of  lead  has  been  elongated  sereral  inches  in  i 
few  weeks,  and  the  zinc  or  lead  linings  of  bath  tube  are  fn- 
quently  gathered  in  ridges  from  the  same  cause. 

Ttie  walls  of  buildings  are  also  sensibly  eximnded  by  thi«  artioD 
of  the  sun's  rays.  Bunker  Ilill  Monument,  an  ol)eli>k  of  graaik 
two  hundre4l  and  twenty-one  feet  high,  moves  at  the  top  so  as  to 
descrilie  an  irregular  ellipse  with  the  sun's  motion.  Profnmr 
Horsfurd,  who  hud  an  o|)|K)rtunity  of  studying  the  action  of  tlie 
Qim's  rays  on  tiiis  structure,  noticed  that  tlie  movement  com- 
monc<Ml  early  in  the  morning  on  a  sunny  day,  and  attained  in 
maximum  in  tho  afternoon.  In  a  cloudv  dar  no  motion  takes 
place,  and  a  shower  n^stores  the  shaft  to  its  position,  —  slioiniif 
that  tho  heat  which  pnMluces  tiie  deflection  piMietrates  tmt  a  »hort 
distance.*  A  simihir  fart  is  also  noticed  wh<*n  astn»ii«>niical  in- 
struments an?  placed  on  elcvatc<l  buildings,  fn>m  th«»  d(*ranc»Mne!it 
which  ihi'V  un«hTp»  hy  the  unniual  expansion  of  tlic  walU. 

WhiMi  hot  \vat«T  is  {HtunMl  on  u  thick  plat«»  of  jihi****,  the  up!»r 
surfa<'«»  is  (»xpand<'d  U^fon.*  the  heat  n^aches  the  unthT  Mirfao*  "f 
the  phite.  There  i^^,  therefon*,  an  nneipial  (v\|)an>ion,  and  tiK 
phite  tends  to  IhmhK  like  the  eoin{H>nnd  luir,  with  th«*  ]\**i  -urf-u-*- 
on  the  <»utsi<h*  of  th«*  enrv<»  ;  and  sinrt*  the  partieh"*  «»f  irhi*-*  'i* 
not  r«*a4lilv  yield  to  >\\r\\  disiilaeenient,  th«»  irlass  hreak»<.  Il»'ti*>' 
is  e\|»lained  th«»  faet,  that  hot  ves>els  of  |rla>s  or  jMinvhiin  ar 
lial»lt»  to  hn^ak  when  cold  wat«'r  i«<  |M»urt'4|  into  tln*ni,  t»r  ub'-ii  *• : 
down  on  a  coM  surfaee  vhifh  is  at  the  same  time  u  ir«w«l  .•■.- 
iluetor  of  heat.  Sn<h  a«MMil»*nts  an' avoidt^d  bv  r»»stinir  th«»  \.-^^l 
«»:i  rinL*"^  of  stniw,  or  otln»r  |M>or  conflnctop*,  and  ha\  inir  th-:!! 
ni:id»'  :e»  thin  on  the  lH»tloni  as  is  eon>i>l«'nt  with   tin*  U'l^t^sir^ 

m 

^Ip•IlL'^th. 

Thi»»  ••ffect  <»f  h<*at  «>n  triads  i<  n«-ed  in  tin'  lalM»mt«»rv  for  divid:i;f 
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glass  Tessels  which  have  been  cracked  or  otherwise  damaged, 
since  a  crack  once  started  may  be  conducted  in  any  direction 
by  means  of  an  iron  rod  heated  to  redness,  or,  still  better,  by 
means  of  a  burning  slow-match  prepared  expressly  for  the  pur- 
pose.* In  like  manner  the  round  necks  of  glass  retorts,  flasks, 
and  other  chemical  vessels,  can  be  cut  off  by  means  of  an  iron 
ring,  which  is  first  heated  to  a  red  heat  in  a  furnace,  and  then 
held  for  a  few  moments  aroimd  the  neck.  As  soon  as  the  neck 
is  thus  heated,  a  few  drops  of  water  let  fall  upon  tlie  heated  part 
will  cause  the  neck  to  crack  off. 

But  by  far  the  most  remarkable  illustration  of  the  expansion 
of  solids  by  heat  is  furnished  by  the  Britannia  Tubular  Bridge. 
Tliis  bridge  consists  of  two  rectangular  iron  tubes  (made  of  boiler 
plates  firmly  riveted  together)  1,610  feet  1 J  inches  long  at  82*  F., 
and  varying  from  23  feet  in  height  at  either  end  to  80  feet  at  the 
centre.  These  tubes,  which  are  placed  parallel  to  each  other, 
are  secured  permanently  to  the  central  stone  pier  of  the  bridge, 
called  the  Britannia  Tower  ;  but  at  the  other  points  of  support 
they  rest  on  friction  rollers,  and  the  free  ends  move  backwards 
or  forwards  as  the  length  of  each  tube  changes  with  the  tem- 
perature. An  increase  of  temperature  of  26°,  viz.  from  32**  to 
58°  F.,  gives  an  increase  of  3^  inches  in  the  whole  length  of  tlie 
bridge,  and  the  daily  expansion  and  contraction  varies  from  half 
an  inch  to  three  inches,  usually  attaining  its  maximum  and 
minimum  about  three  o'clock  in  the  afternoon  and  morning. 
Suice  the  tubes  are  immovably  secured  in  the  centre,  only  one 
half  of  this  motion  is  visible  at  either  end.  "  But  the  most  in- 
teresting effect  is  that  produced  by  the  sun  shinuig  on  one  side 
of  the  tube  or  on  the  top,  while  the  opposite  side  and  the  bottom 
remain  shaded  and  comparatively  cool.  The  heated  portions  of 
the  tube  expand,  and  thereby  warp  or  bend  the  tube  towards  the 
heated  side,  the  motion  being  sometimes  as  much  as  two  and  a 
half  inches  vertically  and  two  and  a  lialf  inches  laterally."!  The 
same  phenomena  may  be  seen  at  the  Victoria  Tubular  Bridge, 
recently  built  at  Montreal ;  but  as  the  tubes  of  this  bridge  are 

♦  For  a  recipe  bj  which  these  Blow-matches  may  be  prepared,  see  Mohr's  Phar- 
macy. 

t  For  a  reiy  interesting  and  detailed  account  of  these  phenomena,  see  the  larpc  work 
on  the  Britannia  and  Conway  Tubular  Bridges,  by  Edwin  Clark,  Hesideot  Engineer. 
2  Tola,  and  Atlas,  London,  1856. 
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mucli  (tliorter  than  thoso  of  tlie  Britannia  bridge,  the  extmt  <( 
tliu  tiiotioii  is  nut  M>  great. 

(248.)  AppHcatiotu  of  the  Expansion  of  Solids.  —  Br^snrt'i 
metallic  tliermomctcr  (Fig.  'A~A)  i»  an  application  ot  the  priiiri(Jc 
of  tliti  cumpuuiitl  l>ar.  TIk  cmt*- 
tiul  part  of  tlic  instrument  i»  i 
spiral,  funned  of  a  OH'tallic  rihlm 
vliieli  in  construetm)  in  iho  f<il- 
lowinf^  war.  Tlirce  Muall  bart. 
Olio  cacli  of  platinum,  fpild.  aud 
silver,  are,  in  tlio  fir^t  place,  *••(■ 
dered  tt^'tlier  througluMil  ibrir 
whole  length.  This  OHniaHind 
bar  is  next  rulk-O  out  in  a  rulliw- 
mill  until  it  is  rt-dneed  to  a  rit^ 
l>on  not  nunv  than  one  »iitirili 
of  a  niillimctru  in  thickneM.  vA 
from  one  to  two  miltinH-ires  ImMil- 
The  riblton  tlius  pn*|Hin.*d  is  wtioiid 
into  a  Bpirul,  liaving  the  silver  face  towards  the  interior,  and  ihb 
opiral  is  susftended  tu  the  upright  arm  of  tlie  inxtniiucut.  To 
it^  luwer  end  there  in  fastened  a  needle,  which  tmver>es  an  ire 
gradiiuled  intu  (Vnligrddo  <lcgreex,  and  (he  whule  im-tniuK-ni  it 
eoviTi'd  with  a  ftlass  l>ell  fur  pruleetioii. 

AUlumjjIi  the  ril.lKiii  is  n.ll..-d  out  to  the  oxtn-mo  d.-trp--  of 
thiiuifss  just  stutfii,  yet  ihi^  cuiilinuity  of  the  thret-  ni--t.il-  f- 
ni-iins  uii1>r<iki-u  :  mi  th:it  th<-  .'<|iiriil  niiiy  W  n-j^inh-il  :i>  ■-••n-i-i- 
iiijr  of  Ihr.'.'  spirals  of  ditViTi-nt  iiu-luls  uiiiti'd  thr<>iii:h<>nt  lii..: 
wli.il,;  l.-M^rtli.  The  Mhvr  ypiral.  which  is  lh<-  m.»l  dilut.tt :..  i- 
siirniiniil.-il.  tirst,  l>y  ii  ^ri.ld  s|.inil.  which  ex|iand-  l.-^,.  th.tii  il- 
r^ilviT.  :iti<l  l.k-lly  hy  a  platiiititn  i^i'inil.  ^*liii-li  cxiuuidi-  ih-'  1..': 
of  itil.  As  ih't  li-ni|HT;iliir.;  ri^rv.  ilic  >.ilviT  •-\|i:tiiiliiiL.'  m.-n-  if  .a 
th.'  platitiiiio  or  th..-  K<,],\.  .M.-ti  i-..il  ..f  Hi.-  >pinil  l.-h.l>  w  m>U-.A. 
and  tU-  viWl  i-  vvid.-iitly  larlially  to  nn.-oil  ttiv  wlioh-.  .miimi.: 
thr  n>.-i-dli'  lo  mov<-  over  Ihc  ^'nidiiuiol  an-  fnmi  h-lt  to  riiiht  id 
tin-  aUivi'  f|._'iir.-.     Thi-  i.p|H>-iii-  ilH-tt  fii>itrs  wh.-ii  the  lenij.-n- 

tiin;  falU.      The  jroiii  hau'l   i-  ]A.i i  Ulw.vn   the  t»o  oih-r-. 

U'l-au-'  it  biis  an  intfriiii'iiiaie  rale  of  expansion.  Wen-  plaii- 
liiiin  ami  sjlvt-r  used  alom-,  llie  ^i-eal  iniiiuulity  of  tlii-ir  nt  -• 
of  e\|tanRion  might  cause  the  hands  tu    M'|tarote.     Ou  an.-*HUil 
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)  small  mass  of  metal  of  which  the  spiral  consists,  Br^giiet's 
lometcr  is  exceediugly  sensitive  to  very  slight  changes  of 
srature,  and  may  be  used  in  some  cases  with  great  ad- 
ge- 
ne of  the  most  ingenious  applications  of  the  expansion  of 
8  are  to  be  found  among  the  numerous  couti'ivauces  for 
ling  the  pendulums  of  clocks  of 
ivariablo  Icngtli  at  all  tcmperar 
Ono  of  these,  called  Harrison's 
x)n  pendulum,  is  represented  in 
174.  The  large  disk  of  this  pen- 
a  is  suspended  by  a  series  of  steel 
brass  rods,  alternating  with  each 
,  and  connected  at  the  ends  by 
pieces.      Tlte    manner  in  which 

are  arranged  will  be  best  under- 

by  studying  tlio  figure,  in  wliich 
teel  rods  are  distinguished  from 
rass  by  being  shaded.  The  length 
e  pendulum  is  evidently  equal  to 
jm  of  the  lengths  of  the  steel  rods, 
ding  the  steel  ribbon,  6,  which  suj)- 

tlio  whulo  pendulum  and  bonds  at 

oscillation,  less  tiio  sum  of  tlio 
hs  of  the  brass  rods.  Moreover, 
II  also  be  seen,  by  examining  the 
J,  that,  wliilo  tlio  expansion  of  the 
rods  luiigtlicns  tlie  pendulum,  the 
ision  of  the  brass  rods  shortens  it. 
;;n,  the  lengths  of  tlie  rods  are  so 
ted  that  the  espaiifiou  in  one  di- 
al will  just  balunee  that  in  the  other,  the  pendulum  will 
in  of  an  invarialjlo  length.  It  is  easy  to  dolurmiiic,  ap- 
matively,   the   Icngtli   required   to    produce   tliis   compen- 
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tresenting  by  Z  and  i'  tlio  sum  of  the  lengths  of  the  ctcel  and  the 
mils  res|«.-elivi:]y,  and  by  it  and  i'  llieir  cot-ffick'nl*  vi'  rx|iuii»i(Mi,  wu 
I  have,  since  the  amount  of  expansion  ia  the  some  in  butti, 

L  k  =  L'  kf. 
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MoreoTer,  since  at  tht  latknde  of  Pmris  the  length  of  the 
lum  18  0.99394  metro  (58),  we  mu»t  alio  have 

L  —  L  —  0.99394. 

G>mbining  these  two  equations,  and  substituting  for  h  and  k  thetr  vaftwv 
from  Table  XV.,  we  should  find  that  the  |N*ndulum  would  rvtnatn  of  as 
invariable  length  when  the  sum  of  the  Ivngtlis  of  the  sterl  rods  or 
Z^  =  2.31919  metres,  and  when  the  sum  of  the  lengths  of  the  bnum  n^ 
or  L\  =  1.82525  metres.  It  is  evident,  therefore,  tluU  conpen^bot 
could  not  be  effected  with  fewer  rods  than  are  represesitfd  in  the  i^iR. 
namely,  three  of  steel  and  two  of  brass. 

Tho  above  calculatiou,  however,  only  gives  approximate  r^ 
suits,  since  the  virtual  length  of  the  pendulum  depend*  on  tk 
position  of  the  centre  of  oscillation,  and  may  vary,  even  when  Ik 
apparent  length  remains  tho  same  (54).  In  practice,  the  iwb 
are  constructed  as  nearly  as  passible  of  the  required  length,  ud 
the  compensation  is  afterwards  oom|>leted  by  varying  the  poatim 
of  tho  weight  o,  until,  after  successive  trials,  the  right  point  b 
attained. 

A  clockmaker  by  the  name  of  Martin  effected  the  compea* 
tion  iu  pendulums  by  means  of  a  compound  bar  of  iron  uni 
cop|)or,  fixcHl  transversely  on  the  pendulum  nxi,  as  rt^prpsesi^ 
in  Fig.  875.  Tu  tlie  ends  of  tliis  coni|K>und  Uir  ^mall  wtnirbb 
art)  attacluMl,  movable  on  a  i^rrew,  and  the  bur  is  n>  [daced  that 
tho  copiKT  is  lowest.    Hence,  when  the  temi>eruture  ri>e?*,  in  vn«i> 
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rurv«»  upwanN,  a*«  r»»pn»*i«Mit«M|  in  Fiir.  •'^T*)  ;  and,  on  the  othff 
liiiipi.  lUry  riirvi'  «hiwiiwanN»  a>  in  Fii^.  i)T7,  Mlirii  tin*  l«'nij»iTa 
tun*  falls.  Th«'  ri>i!i^r  and  lallinjr  «»f  the?*e  ni:i>>e5  of  matter  »  ^. 
rvjdt'nily  rluinp'  tin*  \irtual  l«Miirtli  of  tin*  (MMidulum,  by  nu>ini:«*r 
lowtTin^r  tho  o'htrt'  t»f  oM-illatioii,  Morfov»»r,  tliis  chanp^  will  U- 
ju>t  the  rc\ci>e  of  that  caused  by  the  action  of  heat  on  tlie  \mQ- 
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dulum  itself ;  and,  by  yarying  the  position  of  the  small  weights 
on  the  transverse  bar,  the  two  changes  may  be  made  exactly  to 
counteract  each  other. 

An  arrangement  precisely  similar  to  that  of  Martin  lias  long 
been  employed  for  compensating  the  balance-wheels  of  chronom- 
eters and  watches.  It  is  well  known  that  the 
motion  of  a  watch  is  regulated  by  a  balance- 
wheel,  as  that  of  a  clock  is  by  the  pendulum, 
and  that  the  oscillations  of  tliis  balance-wheel 
are  maintained  by  a  fine  spiral  spring,  whose 
elasticity  takes  the  place  of  the  force  of  grav- 
ity acting  on  the  pendulum  of  the  clock.  Now, 
the  duration  of  an  oscillation  of  a  balance-  Fig  878. 

wheel  depends  on  the  elasticity  of  the  spring, 
on  the  radius  of  the  wheel,  and  on  the  mass  of  matter  in  its  rim. 
The  effect  of  heat  is  to  increase  the  radius,  and  thus  to  retard 
the  watch  by  increasing  the  duration  of  each  oscillation.  This 
effect,  however,  can  bo  entirely  counteracted  by  the  arrangement 
represented  in  Pig.  378.  The  three  metallic  arcs,  a,  a,  a,  are  each 
made  of  two  metals,  the  most  expansible  being  placed  outside ; 
and  as  the  temi)erature  rises,  they  curve  in  and  carry  the  three 
small  masses  of  matter,  w,  w,  w,  nearer  to  the  axis  of  the  wheel, 
thus  diminishuig  the  virtual  length  of  the  radius  as  much  as  the 
expansion  increased  it.  The  position  of  the  small  masses  n,  «,  «, 
in  which  the  effect  of  expansion  is  just  compensated,  is  found  by 
trial ;  and  they  are  adjusted  by  turning  them  on  the  small  screws 
which  form  the  extremities  of  the  arcs. 

Expansion  of  Liquids. 

(249.)  Absolute  and  Apparent  Expansion.  —  In  considering 
tlM)  expansion  of  a  liquid,  it  is  important  to  distinguish  between 
the  absolute  expansion  and  the  apparent  expansion  when  the 
li(juid  is  enclosed  in  a  glass  vessel.  From  the  very  nature  of  a 
liquid,  it  is  evident  that  its  absolute  expansion  cannot  be  directly 
observed,  but  must  be  determined  by  indirect  methods.  It  is 
also  e>ndent,  that  the  absolute  expansion  must  be  eriual,  in  any 
case,  to  the  apparent  expansion,  increased  by  the  amount  of  ex- 
pansion of  the  glass  vessel  containing  the  liquid;  compare  (210) 
and  (241) ;  and  hence,  when  any  two  of  these  quantities  arc 
known,  the  third  can  always  be  calculated. 
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(250.)  Absolute  Expansion  of  Mercury.  —  Tho  coefEcicut  of 
absolute  cxpaiisiun  of  mercury  in  one  of  the  mo>t  iniiwrtul 
coutituiiU  of  |)h}-sies;  for  nut  oiil}'  docs  it  enter  iiidtrwtlr  iiilu  iIk 
dotcniiiiiatioii  of  tho  cx|>aiii>ioii  of  most  oilier  (^uWianoi^K. — M-liJ>, 
liquids,  &ud  froscs  (JiiA),  —  liut  it  alxo  lius  a  direri  lwaniiK«o 
tliti  tlii!ury  aud  use  of  )>(>lh  tlio  tlioniioinctt'r  and  1uri>ui-t<-r 
(:>19)  aud  (100).  It  is  ttifrcforo  cwoiitiul  tluit  tliisi  i-..»jt*B[ 
sliould  W  dL-torniiued  with  Iho  (rrcatest  coro. 

The  must  accurate  tiictluHl  of  deiermiiiiiip  tho  riH^fTiiii-iii  i.f 
al>sulutu  ex{uiu>iuu  of  im-n-ury  is  IhlmhI  ujniii  tho  |>riu<-:|>l<-  in 
hydrostatics  (l-U),  that.  wh--ii  Iwu  lu)>cs  filled  with  diil^iviil 
1i(]iiids  communicate  to(;ct!iiT,  the  hci^KlH  of  the  two  liiiuid  cul- 
umus  if  ill  eiiiiilihrium  are  inversely  ])ni|Hjrtioual  to  the  ^|■.<(ific 
gravilicH  of  the  liiiuids.  Wliat  is  true  of  difTcri'iit  li<|md«  mut 
also  be  trim  of  the  Batue  liijnid  at  diflcrciit  teiD|iiTuliiP>s:  ud 
wo  can  Uierefore  determine  tUo  relative  i'j)eeific  jrravity  of  lufr 
cury  at  such  tcnji>cratun.-s  by  uieosiiriii);  the  heights  of  tlw  lort- 
cury-coluuiiis  iu  the  \i-'^»  of  un  inverted  Fiphuii,  to  arR■ll)^:<i 
that  each  column  m:iy  lie  cx|><>sed  to  tlie  teiuperatuiv  Tv<(uirT<l- 
Wlieii  tho  ."jHicilic  pRiviiy  ut  two  <iitliTent  temi>eralurt.'s  lia.*  Uyn 
thus  determined,  we  can  ea^sily  calculate  the  coefficient  uf  exjou- 
sioii  by  [HIS], 

The  u|iiwriitns  uwil  liy  Unli.ii;:  and  IViil.  who  di-i.Tiiii[i"i  i!" 
aliKilule  ex{iansiiin  of  mercury   by   tlic  byiln»iatic   iu--tlii»l.  ij 


repn— i-ntcd  in  Kiir-  -m'.', 
/(.  Mifi-.n.-.i  vrrii.:.!ly  .. 
I>v  n  cunillurr  IiiIh',  ^u  a 


t  .-..n-i-t  .d  of  two  plasH  t.iU^.  A  ui-i 
ti  ii'on  lni-'-iiieiil,  and  unii>-<)  )•  l-v 
>  form  loin'ther  an  iuvcrled  hjiIiou. 
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Tlie  two  tubes  were  each  enclosed  in  a  metallic  vessel.  The 
smallest  of  these,  D,  was  filled  with  pulverized  ice,  and  the  other, 
-B,  contained  oil,  which  was  gradually  heated  by  a  small  fur- 
nace, which  the  figure  represents  in  section,  in  order  to  show  the 
construction.  Lastly,  the  tubes  were  filled  with  mercury,  which 
preserved  the  same  level  in  both  as  long  as  the  tubes  were  ex- 
posed to  the  same  temperature,  but  which  rose  in  the  tube  B  in 
proportion  as  it  was  heated.  In  making  an  observation  with  this 
apparatus,  the  bath  was  first  heated  to  the  required  temperature, 
which  was  indicated  by  the  thermometer  P,  and  then  the  heights 
of  the  two  columns  were  measured  by  the  cathetometer  JST. 

In  order  to  calculate  from  such  an  observation  the  coefficient 
of  absolute  expansion,  let  us  represent  by  H  and  (^Sp.Gr.^  the 
height  and  specific  gravity  of  the  mercury-column  A  at  0®,  and 
by  H'  and  (^Sp.Gr.y  the  height  and  specific  gravity  of  the  mer- 
cury-column B  at  f*.  Then  we  have,  by  [81],  H .  (^Sp.Gr.^  = 
H'  (  Sp,  Gr.y.  Moreover,  representing  the  coeflScient  of  absolute 
expansion  of  mercury  by  Kj  we  have,  by  [166]  and  [56], 

aSp.Gr.}  =  (Sp.Gr.y  (l  +  K^.  [169.] 

Combining  the  two  equations,  we  obtam,  for  the  value  of  JST, 

/// jr 

K  =  '±-jj^ .  [170.] 

By  this  method,  Dulong  and  Petit  found  that  the  mean  abso- 
lute expansion  of  mercury  between  0°  and  100**  was  ^^xs  = 
0.000  18018.  Regnault  has  since  redetermined  this  coefficient 
with  an  apparatus  based  on  the  same  principle,  but  very  greatly 
improved,  and  has  obtained,  for  the  mean  value  between  0"  and 
100%  0-000 18153,  a  number  which  differs  but  little  from  that  of 
Dulong  and  Petit.  The  apparatus  of  Regnault,  although  very 
simple  in  principle,  is  quite  complicated  in  construction,  and  it 
would  require  more  space  to  describe  it  than  we  are  able  to 
^ve  ;  but  the  student  will  find  it  described  in  full  in  Regnault's 
memoir  on  the  subject.* 

As  has  already  been  stated  (219),  the  coefficient  of  expansion 
of  mercury  increases  with  the  temperature.  This  is  shown  by 
the  following  table,  which  contains  the  results  obtained  by  Reg- 
nault. 

♦  Mcmoircs  do  rAoademie  dea  Sciences  de  I'lnstitiit,  1847. 
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•  Tmpam 
tarr  by 
riMnBoaMl 

If  MB  CoiflMattt  oC 
Bxpaoilooof  llctvttry 
«r.           ftvai  0^  to  f*. 

AHmJCiiBiIiM 
tnm  ft»(t-f-  If. 

O** 

0 

0.00017905 

30 

0.00017976 

0.00018051 

50 

0.00018027 

0.00018152 

70 

0.00018078 

0.00018258 

100 

0.00018153 

0.00018305 

150 

0.00018279 

0.00018657 

200 

0.00018405 

0.00018909 

250 

O.CKM)  18531 

0.00019161 

300 

0.000 18C58 

0.00019413 

350 

0.00018784 

O.OOO  19660 

ii)onoooo 

1.0053928 
ltt090135 
li)12654< 
1.O181530 
Utility 
1.O36KI00 
1.0469275 
1.05597  40 
1.O657440 

III  tiio  lost  column  of  this  table  wo  have  given  tlie  volune 
to  wiiioh  one  cubic  centimetre  of  mercury  will  expand  vbra 
heated  to  the  dilTerent  temfieratures  indicated  in  the  firvl  cuIiubb. 
This  volume  may  be  calculated  by  means  of  tlie  formula  Ts 
1  -]-  t  kj  whenever  the  corresponding  mean  coefficient  Wiwcm 
0*  and  r  (as  given  in  the  second  cohimn  of  the  table)  is  known: 
and  for  tem|)cratures  for  which  the  coefficient  has  not  Uvd  «i  ^ 
termine<l,  it  can  Ihj  ascertained  sufficiently  near  by  intcrpobtinn. 
It  is  convenient,  however,  to  have  a  single  fonnula  by  which  i!i* 
volume  can  l>o  calculated  at  once  for  any  teni|K»ratun' :  aii«l  *u "': 
a  formula  can  Ik;  obtained  by  applying  the  |)rineiple  <»f  [!•*'•] 

SiiKM»  the  volume  is  always  s<»!ne  function  of  the  t«Mn|-*r.itur . 
it  can  l>c  expressed  by  the  general  formula,  into  wliicli  t^*'? 
algebraic  function  may  Ik;  (level<»|M'd, 

r=  .1  +  /;  /  +  cr  +  d  t*  +.  Ac.         [iti  ] 

In  the  pH'sent  ea>e,  A  is  equal  to  unity,  the  vohun**  \\h*:\  *^■•' 
tenj|HTatun?  is  z<to,  and  the  other  c<H:ftieients  ran  U*  fouii<i  *| 
sub^lilutiii^  in  the  general  etptation  [171]  \be  value  «»f  .!,  *••• 
aUo  the  values  it(  V  and  /  for  each  teni|H'nitun»  at  which  t!;-' 
vobinie  has  b^wn  <'\[M'riinontally  determine^l.  We  ^hall  l!;"'* 
obtain  as  many  <M|u:itions  a**  there  are  determinations,  aii'i  '5 
combining  th«*m  toj/i'th^T  armnling  to  the  wi»ll-known  motlH-l* -^ 
algebra  w«*  ran  ea*«ily  ri^enhite  the  Cix^flTicients  ro<juin*d.  MaLi:  J 
use  of  Hi'gnanlt*s  n-vuhv,  as  i:iv«'n  in  the  aUn-e  table,  we  *bi»nU 
thu'»  obtain  i\tr  the  \t>bnn«'  of  nprrnrv  at  anv  temtierature,  f,  a» 
indicated  by  an  air-tbcrmomcter,  the  value, 
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F=:  1  -V  0.000179007 1  +  0.0000000252816 1\      [172.] 

[t  is  unnecessary  to  add  that  this  formula  is  purely  empirical, 
ind  can  only  be  trusted  for  temperatures  within  the  limits  be- 
tween which  the  experiments  were  made. 

(251.)  Correction  of  the  Observed  Height  of  the  Barometer 
for  Temperature.  —  Since  the  height  of  a  barometer  is  affected 
by  changes  of  temperature  (160),  it  becomes  essential,  before 
comparing  together  different  observations,  to  reduce  each  to  the 
standard  temperature  of  0** ;  in  other  words,  to  calculate  what 
would  haTc  been  the  height  had  the  temperature  at  the  time  of 
the  observation  been  at  the  freezing-point.  The  principles  of 
the  last  section  furnish  us  with  a  ready  method  of  making  the 
reduction. 

The  pressure  of  the  air  being  constant,  it  follows  from  (158)  and  [81] 
bat  the  height  of  a  mercury  barometer  at  different  temperatures  will  be 
nversely  proportional  to  the  specific  gravity  of  mercury  at  these  tempera- 
ures.  Hence  we  shall  have  H\  H'  -=,  (Sp.Gr.y  :,(Sp,Gr.),  a  propor- 
ion  in  which  Hand  (Sp.Gr,)  represent  the  height  of  the  column  and  the 
(pecific  gravity  of  mercury  at  0°,  while  H'  and  {Sp,  Gr.)'  represent  the 
lame  values  at  ^.  But  we  also  have  (Sp.Gr.)  =  (Sp.Gr.)'  (I  -f-  -^0> 
md  combining  this  with  the  last  proportion,  we  at  once  deduce  H'  = 
ff(l  +Kt),  and 

^=  ^'  TTKi  =  ""'  -  ^'  rft. '        [1^3-^ 

)r,  substituting  for  K  its  mean  value  between  0*  and  100"  (0.00018  = 

J/=77'-^',„^-p.  [174.] 

rhe  last  term  of  the  above  formula  is  the  correction  which  must  be  sub- 
met  ed  from  the  observed  height,  in  order  to  reduce  the  observation  to 
cero. 

The  reduction  as  thus  made,  however,  would  not  be  quite  correct,  since 
^e  luive  not  taken  into  account  the  change  in  the  length  of  the  scale  of 
he  barometer  caused  by  the  expansion  of  the  material  on  which  it  is 
jngraved.  If,  as  in  the  barometer  of  Fortin  (160),  this  scale  is  engraved 
Ml  the  brass  casing  of  the  tube,  which  extends  quite  down  to  the  cistern, 
t  is  easy  to  make  allowance  for  the  effect  of  its  expansion,  assuming  that 
he  scale  agrees  with  the  standard  of  length  at  0".  Let  us  assume  that  the 
11  visions  on  the  scale  are  in  centimetres.    It  is  evident  that  the  effect  of 
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boat  will  be  to  incrcaj^c  tbc  lon^b  of  carb  divHion,  and  thn4  to  makr  ft* 
apiMirent  liri<;bt  (»f  the  inon*iiry-<H>luinn  Icsa  than  tbc  n*al  bi-i»hL  If  xht 
brass  ox|mii<ltHl  i\a  much  i\a  tlic  incrcun%  the  two  <*flei*u  wciuU  bila&i^ 
eaoh  oth<*r,  uiid  there  would  t>e  no  correction  t«>  make.  Uul  thi.4  U IM  i> 
case ;  and  the  ex|ui(L'«ion  (»f  thn  hnxM  scab;  only  in  fmrt  compPttMrtr*  f  r 
the  incrca><>d  bright  of  the  nit'n*ur}'-4*«>Iumn  cauiM*d  by  the  chaofr  </irB- 
|ieratun*.  Hr|>n*senting  by  k  the  coeflTHMcnt  of  cxpanstion  of  bnui%  v^ 
sludl  have,  for  the  length  of  each  division  of  tlie  iicalc  at  #*.  the 
1  -\-l't:  and  him*e  the  a[»}>;in*nt  bright  c»f  an  invariable  mrrrtirr 
must  1m)  inversely  |)n>|)ortit>nal  to  the  length  of  the  tr.vl'iiin^  of  ilie 
by  which  it  is  meosun'd,  wi>  deduce  the  |)ro|M>rlion  //://«=  I  :  1  +^1. 
in  which  //  an<l  /f^  represent  resj)ectively  the  apiiarent  iH-igbi*  «/  ik 
column  at  (^  n'td  0°  re.-|M>ctive1y.  Substituting  in  tbi^  pn*|KjfflioQ  iW 
value  of//  [1"^]»  we  readily  deduce 

The  second  term  of  the  alK)ve  formula  pivos  a  coiTOi'ti«>n.  i  >  \^ 
subtracted  from  the  observed  iHMght  of  a  morcury-oolumn,  whi<-h 
eliminates  the  expansion  of  the  scale  as  well  us  that  of  the  ooliimB 
itself,  and  reduces  the  ol»ser>*ations  strictly  to  0*.     Tlie  valu«»  "f 
this  corn»ctit>!i,  in  centiiuetrcs,  eorresjiondiiig  to  one  d«-jT»^'  "f 
temp«Taturc,  is  jriven  in  Table  XVllI.  fi»r  every  five  millini'ir** 
in  the  heiirht  of  the  niercury-cnluiun  from  <»..'>  e.  m.  f»>  1*mi  ,-.  m. 
a;rl  not  oulv  for  a  baninietcr  with  a  brass  *i<Mli\  but  ;il-*'fri 
b:ironi«'ter  with   tin*  ^ca^•  entrraved  mi  the  gla^**  tuU*.     Ti."  ••  '• 
rection  fop  anv  L'^iven   temiMTuture  is  found  bv  niulti(>l\  !:il'  ■' 
luunber  !'n»ni   the  tabb*  <»|)|M)>ite  to  the  (»i'erve<l  lieiL'bl   l-v   ■ 
nuiuln'r  of  tb'trrtM"*.      If  the  deLT«M»s  an*  aiN»\e  zep*,  ih-*  O'rr  • 
tion  is  to  b»  subtractotl  from  the  ob>erved  lieiLrbt :  if  U-j.-u. :..  • 
added  to  it.     Thi**  siine  tald«',  a**  well  as  tin?  formula  [17'].  i.-v 
ixUn  be   u*»«'d    for    nMlm-inir   to  M^    the    britrbt   nf  aiiv   m.  r  ur^- 
column;  for  exampb*,  tiiut  in  a  m:inoni«'ti'r-tuI»e  (  l*-**  i.  i-r  . .  ■ 
^rl  |HH  b  11  oMT  :i  m«Ti"ury  jin«'umatic  tr  niirli  ( l*i',»).     If  lb- I     -  • 
of  the   eobmm    i**    me:i^ur«  d   l»v  lUfans  of  a  catbet«»ni»'l«r,  if  •• 
Fi'-f.  -T-,  ir  !•*  riniivnlfnt  !•»  U'^iiej  a  baroiuett-r  with  a  bra*'«  •*-!•• 
:iud  lb*'  ro»riMiio!i  mu*»t  Im'  taken  from  the  coluinu  liead«  d  "  lln-* 
Scab'"  in  Table  XVIIl.     If,  on  the  oib»T  baini,  it  is  mea^up'd  ^J 
!u«*:ihN  of  •/r:idn:ition  on  tb'*  L'la«»>  Ih-11  or  tul>e  itself,  the  O'l'ia::. 
beiidetl  "  (ibi-s  Scale"  >bould  l»e  used. 
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(252.)  Apparent  Expansion  of  Mercury.  —  Hie  apparent  ex- 
pansion of  mercury  will  evidently  vary  with  the  nature  of  the 
vessel  in  which  it  is  enclosed.  But  since  the  vessels 
used  for  the  purpose  are  almost  invariably  made  of 
glass,  we  understand  by  the  term  apparent  expanr 
sion  the  apparent  expansion  in  glass,  unless  it  is 
otherwise  stated.  The  apparent  expansion  of  mer- 
cury in  glass  can  readily  be  determined  experimen- 
tally by  means  of  the  apparatus  represented  in  Fig. 
380.  It  consists  of  a  cylindrical  reservoir  opening 
into  a  capillary  tube,  which  is  drawn  out  at  the  end 
to  a  fine  point,  and  bent  into  the  form  of  a  hook. 
The  apparatus  is  in  the  first  place  weighed,  and  then 
filled  with  pure  mercury,  like  a  thermometer-tube 
(Fig.  340),  tailing  care  to  boil  the  mercury  in  the 
reservoir  in  order  to  expel  the  last  traces  of  air  and 
moisture.  It  is  next  surroimdcd  with  melting  ice, 
tlie  orifice  of  the  tube,  o,  dipping  under  mercury, 
which  is  thus  drawn  into  the  apparatus  as  the  temperature  falls 
until  the  whole  is  filled  with  mercury  at  0*.  Having  weighed 
the  apparatus  again,  and  subtracted  the  wcigiit  of  the  glass, 
we  obtain  the  weight  of  the  mercury  at  0**,  which  we  will  repre- 
sent by  W.  Finally,  we  expose  the  apparatus  to  a  constant  and 
known  temperature,  ^®,  (for  example,  to  that  of  the  steam  from 
lK)iling  water,)  and  collect  and  weigh  the  mercury  which  escapes. 
Call  this  weight  to  ;  then  W —  w  is  the  weight  of  mercury  which 
just  fills  the  apparatus  at  l"".  We  have  now  all  the  data  required 
for  calculating  the  apparent  coefficient  of  expansion. 

The  volume  of  W —  w  grammes  of  mercury  at  0*  is,  by  [56], 


Fig.  880. 


V= 


W—w 


( Sn^C~\  •      Neglecting  the  expansion  \)f   the  glass,  this 

weight  ©TiBHwroury  i)ccupies  at  C  the  same  volume  which  was 
filled  by   IT  "grammes  Qf,ji)ercury  when  the  temperature  was 

zero ;  viz.  the  volume  of  the  apparatus.     Hence,  the  volume  of 

W 
W —  w  granmies  at  /*  is   V  =  7-^— 7*— v  .     But  if  H   repre- 
sents the  coefficient  of  apparent  expansion,  we  have,  by  (239), 
F'  =  F  (1  -|-  K  <)  ;   and  substituting  the  values  of  V  and  F', 
we  get,  by  reducing. 


K  = 


w 


(  W—  tr)  t 


[176.] 
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Dulong  and  Petit  found,  by  this  method,  that  the  ap|ianot 
coefficient  of  ex[)ansion  of  mercury  in  the  common  glMi  </ 
Paris  is  ^^^  ;  but  evidently  tliis  coefficient  depends  oo  tin 
expansion  of  glass,  and  is  liable  to  all  its  Tariations  (245). 

(253.)  We  can  also  easily  determine  the  apparent  ezpaosiot 
of  mercury  by  a  thermometcr-tubc,  whose  stem  lias  been  diviiitfii 
into  parts  of  equal  capacity  (221).  For  tliis  purpose*  w«  ii 
the  first  place  ascertain  the  relation  between  the  rolume  of  tlie 
reservoir  and  tliat  of  one  of  the  divisions  of  the  tube  in  iIm  fui- 
lowing  way :  — 

The  tube,  having  been  weighed,  is  partially  filled  witli  mn- 
cury,  and  the  point  on  the  lower  part  of  the  stem  at  which  the 
mercury  stands  in  melting  ice  is  carefully  marked.  Now  r^ 
weighing  the  tube,  wo  find  the  weight  of  mercury  which  the  tube 
and  bulb  contain  below  this  index-mark.  Call  this  weight  IT 
An  additional  quantity  of  mercury  is  then  introduced,  so  ihst. 
when  the  apparatus  is  again  immersed  in  ice-water,  the  oJumn 
stands  at  tlie  nth  division  al>ovc  the  mark.  A  third  weighing  nor 
gives  the  weight  of  mercury  occupying,  at  O**,  n  divisions  of  the 

tulx).      Coll  this  weight  tr ;    then  —  is  the  weight  of  mcrran 

which  fills  one  division  of  the  tulte.  Assuming  the  volume  of 
one  divii<i(»n  of  the  tul>c  as  our  unit  of  measure,  and  n?prtx»niinc 
by  y  tlie  nuniUT  of  such  units  of  volume  which  the  bul^  ar.J 
tube  contain  Ix'low  llie  index-nuirk,  we  hiive 

.v  =  It  ~  ;  [i::.] 

antl  knowing  the  numln^r  of  these  arhiimry  units  of  vohiuK 
lK»h>w  tlie  iiMiex-mark  on  llie  tuU*,  we  can  by  simple  aildai'Ci 
or  subtract  ion  find  tlie  numlicr  Ih>Iow  anv  other  division.      L  i  u« 

0 

rrjireMMit  this  uuhiUt  in  general  by  X. 

Th«»  l»ulh  and  tul>e  having  lM»en  thus  piujri»d,  in  onler  l*»  ni»u*- 
urr  th»*  apjKirent  expansion  of  mercury  we  have  only  in  il»  t.r- 
min«'  th«»  tiro  fur d  jntints^  as  in  making  a  tlienn<mi«*t«T  i -i** » 
Th«»  numlNT  of  dlNisions  on  tho  stnn  U'lwivn  thcM*  |iuint«*  i*  tli* 
nuinUT  of  units  of  vohime  which  A' units  of  vohinie  exfiaiid  l«* 
tw«M'n  0'  and  l00\  Hrpn'sontin^  hy  yt  the  numlicr  of  divi>iouj 
lK*tw«M»n  tli«»  fixt'd  |>oint**,  w«»  have,  hy  [1*»»»], 

A'+i,=  A'd  +  Kloo;,     whence     K  =  r"-^-;      [I'^J 
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which  is  the  coefficient  required.  This  method,  although  not  so 
accurate  in  the  case  of  mercury  as  the  one  described  in  the  last 
section,  is  much  the  more  accurate  of  the  two  for  other  liquids. 

(254.)  Relation  between  the  Apparent  and  Absolute  Coejl- 
cieni  of  Expansion.  —  It  has  already  been  stated  (249),  that  the 
apparent  increase  of  volume  of  mercury  in  a  glass  vessel  is  equal 
to  the  actual  increase  of  volume  diminished  by  the  amount  of 
expansion  of  the  glass.  A  simple  algebraic  calculation  will  show 
that  the  apparent  coefficient  of  expansion  of  mercury  is  also  equal 
to  the  absolute  coefficient  diminished  by  the  coefficient  of  expan- 
sion of  the  glass.  Representing  these  quantities  respectively  by 
fi,  JT,  and  iC',  we  have,  in  every  case, 

fi=K—K'    (1),      or        K'  =  K—1i    (2) ;    [179.] 

80  that  we  can  always  calculate  either  coefficient  when  the  other 
two  are  known.  Now  the  absolute  coefficient  of  mercury  is 
known  wfth  great  accuracy,  and  we  can  therefore  use  the  pro- 
cesses described  in  the  last  two  sections  for  determining  tlie 
coefficient  of  expansion  of  glass.  Indeed,  this  is  much  the  most 
accurate  method  we  have,  and  the  careful  determinations  made 
by  Rcgnault  of  the  coefficients  of  expansion  of  different  kinds  of 
glass,  and  of  the  same  glass  under  different  circumstances,  were 
made  in  this  way. 

We  can  also  use  the  mctliod  of  (252)  for  determining  the 
coefficient  of  expansion  of  any  solid  not  acted  on  by  mercury, 
when  the  coefficient  of  the  glass  used  is  known.  For  this  pur- 
pose, a  weighed  amount  of  the  solid  (either  in  fragments  or 
ill  the  form  of  a  bar)  is  introduced  into  a  glass  tube  closed 
at  one  end,  and  the  other  end  is  then  heated  in  a  lamp  and 
drawn  out  into  the  form  represented  in  Fig.  880.  The  tube  is 
next  filled  with  mercury,  and  the  experiment  conducted  in  all 
respects  as  descril>cd  in  (252).  We  shall  then  have  the  follow- 
ing data  for  calculating  the  coefficient  of  expansion  of  the  solid: 

1.  the  weight  of  the  solid  (TF),  and  its  s|)ccific  gravity  (8); 

2.  the  weight  of  mercury  in  the  tube  at  0"*  ( IP),  and  its  specific 
gravity  (i') ;  3.  the  weight  of  mercury  in  the  tube  at  /**  (  W* — tr); 
4.  the  coefficients  of  mercury  and  glass  (A"  and  A''),  Represent- 
ing also  by  z  the  unknown  coefficient  of  the  solid,  we  can  easily 
obtain  it  from  the  following  equation,  rememl)ering  that  the  vol- 
ume of  the  tube  eitlicr  at  0**  or  /"  must  be  equal  to  the  volume  of 
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the  cnclo9od  Folid  plus  tho  rolume  of  tlio  mercarjr  it  eonUiM 
at  the  tc^inpcraturo.     See  aUo  [."lO]  and  [160]. 

From  this  we  obtain  the  value  of  the  coefficient. 

This  method  of  determining  tho  coefficient  of  expansioa  of 
Bolids  admits,  in  many  castes,  of  great  accuracy.  It  was  used  bt 
Dulon«r  and  Petit  for  determining  the  coefficients  of  cubic  tifost 
sion  of  iron,  [datinum,  and  copper. 

(2V3.)  Laws  of  the  Rcpansion  of  Liquids.  —  Tlio  fullest  in- 
vestigations on  tlie  e.x|Min8ion  of  liquids  have  liccn  ma«ie  N 
Kopp,*  in  Germany,  and  by  Picrre,t  in  France.  Th^sc  experi- 
menters follo\ve<l  essentially  the  same  method.  Tlier  dt^u^r* 
mined,  in  the  first  place,  the  ap|Kirent  exiiansion  by  means 
of  a  thermometer-tulie,  as  descril>ed  in  (2«'>o),  and  afterwinb 
corrected  tho  results  for  the  ex|>ansion  of  tlie  glass.  Tlie  fidli*- 
ing  are  the  most  inifM>rtunt  facts  whicli  are  known  in  regard  U 
the  ex|»ansioii  of  this  class  of  IkhHcs. 

Li(|uids,  like  solids,  expand  with  an  almost  irresistible  fnftv, 
wliirh  niuy  Ikj  nioiisuHMl  by  the  mechanical  effort  rtNjuipnl  i.» 
coihI'iim*  the  cx|i:indetl  liqnitl  to  its  initial  volume  (lis ).  F,,r 
th<'  sanit*  MKTc;is(*  of  teni|HTUtiire,  all  liipiids  cx|Kind  mor\*  tlun 
th<.'  most  cx|Kin>il>l.'  H»lid.  This  we  hhould  natumlly  ex|»>t. 
from  (-41),  l>cc:ius4;  lujuitls  are  more  compressilde  than  H»li«l*: 
and  in  supfwrt  of  tin?  saim?  principle,  we  find  that  the  «»rd,  r  of 
expansibility  of  ditftTent  liquids  is  nearly  the  sanio  as  the  ur\i<  r 
of  compressibility,  ultliou^'h  by  no  means  identicul  with  it.  h 
muy  uImi  \m  st^itiMl  as  a  p*ncral  rule,  but  one  to  whicli  llien*  an' 
nnny  cxci*ptions,  that  tho  most  ex|Miiisilil(*  li(|uids  ar\»  th'>H.* 
Mliich  have  the  biwrst  lH»iliii^.|H)iiits  ;  this  is  es|ieinally  ini*' 
in   n^irani  to  liquids  which  are  allied  in  their  chemical  |m»{a'r- 

•  I*«iin.Tn.lnrflr.  Annalrn.   Uunil   LXXII    S.  2X3.     AIm>  Ann.  Chrm.  vml  P!j/*» 
n.in.!    XCIV     S   'iM;    lian.l    \i\'    8.307. 

t  AnnnNM.   .!..    (Milmu-   it   Jc    rhv»i.iac,  3*  Serte,  Tom.  XV,  X13L,  XX..  XXI. 
XXXI.  XXXIII. 
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ties.  'The  differenco  between  the  cocHicients  of  expansion  of 
difTercnt  liquids  for  the  extreme  cases  is  very  great.  Thus, 
while  the  coefficient  of  mercury  is  only  0.00019  at  the  boiling- 
point,  that  of  aldehyde  is  0.002025,  only  one  third  less  than  that 
of  air.  The  amount  of  expansion  of  different  liquids  for  the 
same  interval  of  temperature  may  therefore  differ  immensely. 

The  rate  of  expansion  of  all  liquids  increases  with  the  tempera- 
ture ;  but  it  varies  according  to  different  laws  with  different  sub- 
stances, and  these  laws  appear  to  be  very  complicated.  Of  all 
liquids,  the  coefficient  of  expansion  of  mercury  increases  the  most 
slowly,  that  of  water  the  most  rapidly,  —  the  difference  between 
the  mean  rate  of  increase  in  the  two  cases  being  (according  to 
Regnault  and  Kopp)  as  28  to  1,408,  The  following  table,  which 
includes  also  a  few  of  the  results  of  Pierre's  investigation,  will 
illustrate  these  facts. 


NuM  of  Liquid. 


Mercnry, 

Chlorido  of  Amylc, 

Teixsbcne, 

Ktbylic  Alcohol,  . 

Mcthvlic  Alrohol,  . 

Bromine,     . 

Tcrchloride  of  PIios:)!'.oru>*, 

Chloroform, 

Amvlic  Alcohol,     . 

Bromide  of  Mot!ivL*,  . 

Chloride  of  Silicon, 

Salphurous  Acid, 

Aldehvde, 

Water, 


ro*^rlf«nt  of 
ExpaoKifm  at 
Doiliug-Polnt. 


Copmcient  of 
£xpan»km 


0.000197* 

0.001693 

0.001328 

0.001347 

0.001491 

0.001318 

0.001589 

0.001488 

0.001 G06 

0.001559 

0.001 97S 

0.00 1S20 

0.002121 

0.000765 


0.0001 79» 

0.001171 

0.000896 

0.00104!) 

0.00 11 85 

0.00103S 

0.001129 

0.001 107 

0.000890 

0.001415 

0.001294 

0.001496t 

0.001653 

O.OOOOOCt 


Main  Rate  of 

IncresM  between 

0^  aad  BoiUng- 

Poiut,  for  1'. 


0.02S 

0.158 

0.J991 

0.n6 1 

0.409 

0.429 

0.521 

0.543 

0.611 

07:2 

0.S96 

1.154 

1.288 


Bolling- 
PoADt. 


860 

101.75 

161 

78.:] 

C3 

63.01 

78.3 1 

6.:.  .0 

131.S 

13 

59 

-3 

22 
100 


It  has  been  found  in  a  few  cases,  that,  starting  from  the  boiling- 
point,  the  volumes  of  liquids  belonging  to  the  same  chemical 
group  diminish,  as  tlie  temperature  falls,  very  nearly  at  the 
same  rate.  By  this  is  meant,  that,  starting  with  equal  volumes 
of  such  chemically  allied  liquids  at  their  boiling-points,  the  vol- 
umes also  will  be  equal  at  temperatures  equally  distant  from  these 
points.     At  least,  this  was  observed  to  be  true  by  Pierre  in  five 

*  Oalcnlated  from  Regnault'*  formula  |I72]. 

t  ThU  cocflScirnt  of  tsulphurou.s  arid  i.<  taken  at  — 25°.85. 

I  At  4^  or  point  of  maximum  density. 

44 


518  CHEXTCAL  PHTSICa. 

separate  inntanocs ;  but  nnrorttinatcly  theM]  groap*  coiublid  «f 
only  two  or  three  liquids,  aiid  hciicu  uo  general  concltuwiis  aa 
tie  drawn  from  tlio  facts. 

Tlio  cxi»iii9ioii  of  mcHit  liquids  can  be  ropre«ente<l  hr  a  faraala 
of  the  general  form  [171],  with  the  same  ntimeriral  cuHficinli 
fur  all  temperatures  between  Uio  limit*  of  the  ex|M.'rimeut.  The 
fuUowing  are  the  fonnulai  for  alcohol,  ether,  and  oil  of  lurpeBtint, 
as  calculated  by  Kopp  from  the  results  of  his  owa  cxpcriioeiiU:— 

Alcohol,  Sp.  Gr.  =  0.80950 ;  B.  P.  =  78'.4 ;  0*  lo  7»'.6. 

r  =  I  +  0.0OI04t3»<-|-0.OO0pUU7836^  + U.OO(l!0UUO1761H('. 
Eilier,   Sp.  Gr.  =  0.73658  ;  B.  1'.  =  34'.9  ;  O*  toa.('. 

F  =  1  +  0.00148026  (  + 0.000003503 1 6(«  +  0.00«000(W700;  (•. 
Oil  of  lurpentino,  .Sp.  Gr.  =  0,884  j  11.  P.  =  15C  ;  9"J  lu  VC'.i. 
r  =  1  -|-  0.0009003(  +  0.00000 l'Jo»5/»  +  0.000000004 Jl". 

Ill  each  case  are  giren  the  specific  grarity,  the  boilin^puiot.  toJ 

tlte  limits  of  temperature  between  which  the  cx[it.>riments  fimn 

which  the  formula  is  de<luce4l  were  nudr. 

Strictly  Fpcaking,  the  formula  only  lH4di 

between  thcKc  limits  ;  Init,  ncrcrtbelcM. 

it   cun  Inj   UM-d  without  any  inipurtui 

error   for   temiMTalnrt-s    a   few   d-ti"'* 

either  altove  or  U-lnw  the  extr>'m<'  liri- 

IS,   for  oxunnilt',  ti>  ih-icnuiiK'  li. 

iiliiini'  of  a  li>|iiii]  ul   th<>  iHiiliiiLT-i*::.:. 

Tin-  liiw  iire\|i:Li):-iiiii  whirh  any  ca   i 

ii[iii<l  (lik-y^  niuy  ul-o  U-  cs]ir<-— •■!  -j 

nii'iin-'  of  a  i-uru-  ii|>[>lyiii^  ilu-  pnii--.- 

alnwly   ■-.xpliiirio)  in  (.HCi),      F.;.  ■ "! 

ri'[>n'si'nts   thnv  >ufh  furren.  ili-  - 

ni.'niiry.  wui<t,  uml  aI.-«ihol.     ]l  f    lU 

iiiimlHTs  i>ii  t!i.'  horiKtmtal  axi-  i;.-iici»lc 

diLTii'-iiif  t<'in|i.-rulim',  uml  th--  nuiuben 

nil    till-   vi-rtiiiil    nxi-    th.'  iMrn^i'HidiB^ 

aniuiiiii  iif  <'\{i!ui>ii>n.  fxpn—xil  iik  fr«^ 

tioiis   (if    th<>    unit   of  \..lnm*'.     Th«M 

<-.ii-v.-.  ilhivtnit.'  S.-V.T.I1  <.f  (h-  f...-t,  ;ii.i 

*  nvi,l,-iit.  for  .-Minii'l'-.  thiit  al.-..Ii..l  osiKUfl-  mu. :. 

i  tliati  <-i[h<-r  of  tin;  other  two  li<tuids.     It  will  alM 
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be  noticed,  that,  although  above  40''  water  expands  more  rap- 
idly than  mercury,  yet  below  this  temperature  the  order  is  re- 
versed. Moreover,  it  will  be  seen  that  the  curve  of  mercury  is  a 
straight  line,  showing  that  the  amount  of  its  expansion  is  propor- 
tional to  the  temperature,  or,  in  other  words,  that  the  rate  is  uni- 
form. (The  small  variation  which  actually  exists  is  not  sensible, 
on  account  of  the  reduced  scale  of  the  figure.)  The  curve  of 
alcohol,  on  tlie  other  hand,  bends  in  towards  the  vertical  axis, 
mdicating  that  its  rate  of  expansion  increases  with'the  tempera- 
ture ;  and  the  curve  of  water,  bending  much  more  strongly, 
points  to  a  still  more  rapid  variation. 

(256.)  Expansion  of  Liquids  above  Hie  Boilinff-Point.  —  It 
is  a  well-known  fact,  that,  when  a  liquid  is  confined  in  a  strong 
and  hermetically-sealed  vessel,  its  temperature  may  be  raised  very 
greatly  above  its  boiling-point ;  and  it  becomes  a  very  interesting 
subject  of  inquiry,  whether  the  rate  of  expansion,  which  increases 
so  rapidly  as  we  approach  this  point,  increases  with  equal  rapid- 
ity above  it.  This  subject  has  recently  been  investigated  by 
C.  Drion,*  and  he  has  arrived  at  the  very  remarkable  conclusion, 
that  under  these  circumstances  the  coefficient  of  expansion  of  a 
liquid  not  only  increases  at  a  constantly  accelerated  rate,  but  also 
that  it  may  even  surpass  the  coefficient  of  expansion  of  the  gases. 
The  experiments  of  Drion  were  made  on  chloride  of  ethylo, 
hyponitric  acid,  and  sulphurous  acid,  and  his  results  are  given  in 
the  following  table,  whicli  shows  the  coefficients  of  expansion  of 
all  three  liquids  at  the  temperatures  indicated. 


Coefllcient  of  £xpan»lon. 

Tempeimtort. 

Chloride  of  Ethyle. 
B.  P.  =  IP. 

Sulphurous  Acid. 
B.  P.  -  —8^. 

nypouitrk)  Add. 
B.  P.  =  22^. 

o 

0 

0.001482 

0.001734 

0.001445 

20 

0.001699 

0.002029 

0.001596 

40 

0.001919 

0.002371 

0.001847 

60 

0.002202 

0.002S46 

0.002230 

80 

0.002625 

0.003608 

0.002768 

90 

0.002910 

0.004147 

0.003081 

100 

0.003250 

0.004S59 

110 

0.003690 

0.005919 

120 

0.004306 

0.007565 

ISO 

0.005031 

0.009571 

Coefficient  of  expansion  of  air  ^s  0.003661 

5. 

*  Annalea  de  Chimie  et  de  Physique,  3*  8^rie,  Tom.  LYI. 
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It  will  be  noticed  that  tlie  coefficients  of  all  three  liqvidf  ia> 
crease  with  very  great  rapidity  above  their  boiling-points,  and  Ihn 
tlioso  of  the  first  two  soon  exceed  the  coefficient  of  air.  Tht 
same  is  undoubtedly  tlie  case  witli  hyponitric  acid ;  but  it  was 
impossible  to  push  the  experiment  above  90"*,  because  the  ixp 
color  of  the  vapor  obscured  the  position  of  tlie  summit  of  tb» 
liquid  column  in  the  thermometer-tube. 

These  results  confirm  tlie  following  observation  made  by  Thi- 
lorier,  in  1835,  in  regard  to  the  expansion  of  liquid  carboaie 
acid,  which  has  been  hitherto  received  with  great  mistrust  en 
account  of  its  paradoxical  nature,  but  which  is  now  sliowa  hjr 
Drion  to  be  in  perfect  harmony  with  the  laws  of  liquid  expta* 
siou :  — 

^*  This  liquid  presents  the  strange  and  paradoxical  fact  of  i 
liquid  more  expansible  than  the  gases ; in  a  word^  its  ex- 
pansion is  four  times  greater  than  air,  which  between  0*  and  Sfif 
expands  only  3VV9  while  the  expansion  of  liquid  carbonic  add 
reduced  to  the  same  scale  amounts  to  ^H-'** 

(2o7.)  Expansion  of  Water.  —  The  expansion  of  water  is  fcr 
more  irregular  than  that  of  any  known  liquid,  although  the  total 
amount  of  expansion  k>etweeii  O"*  and  100^  is  comfiaratively  small 

This  fact  is  shown  by  the  table  on  fiage  517,  from  witich  it 
appears  that  tlie  co<^flii*i<Mit  of  water  increases  as  the  tem|ieniture 
rises  vastly  more  rapidly  than  that  of  any  othor  liquid  inentiun^d, 
although  this  coefficient,  even  at  the  lN»iliii^>|M)iht,  is  the  ^mall•M 
in  the  table  with  the  single  exception  of  that  i»f  niennir)* ;  an«i  ihH 
only  (l<M»s  the  ccK^flieient  increase  witli  this  un|»anilh*liHl  rupi<iitT, 
but  alsi)  the  nite  of  increase  varies  so  irn'gularly,  that  it  \\vls  U^ii 
fouiul  ini|M)ssihl«»  to  express  the  volume  of  water  at  diffi'DMil 
tein|H'nitures  by  any  single  em|iirieal  f«»nnula.  All  this  i*^  iru** 
of  the  ex|Kinsioii  of  water  U'twcru  10°  and  1(M)',  and  lw*li»w  1"' 
the  exjKinsion  is  still  niun*  irn'pilar  than  it  wils  aU»\e:  for  V4t<  r 
alone  of  all  liqui<ls  has  a  |K)int  of  niaxinuim  density  aU»%o  it* 
fn»ezing-|K)int  (4**  C),  and  from  this  toinjK?rature  it  oxpands 
whether  it  Ik»  heate<l  or  cooled. 

(25H.)  Point  of  Maximum  Density,  —  This  \t%s\,  fact,  which  is 
so  far  as  we  know,  a  uni(|ue  pn>i>erty  of  water,  and  MN»m«  t«> 
be  a  s|KH:ial  adaptation  in  the  plan  of  en*ation,  can  l>e  verr  well 
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rated  b^  means  of  the  apparatus  represented  in  Fig.  S82. 
apparatus  is  essentially  a  lai^  water  tbenuometer,  —  a 
&BLsk  of  about  one  litre  capacity  fonn- 
be  bulb,  and  the  tube  being  secured 
ather  packing  in  a  brass  cap,  which 
8  into  a  collar  of  the  samo  metal, 
ated  to  tlie  neck  of  the  flask  (see  Fig. 
Tiie  temperature  of  the  water  in 
lask  is  given  by  a  tliermometer  siis- 
td  from  a  hook  on  tlio  under  side  of 
ip,  and  the  height  of  the  column  i» 
ibe  is  observed  by  means  of  a  woodeu 

divided    into    millimetres,   counting 
a  zero-point  near  tlio 

end. 

:his  apparatus  Is  placed 
^old  room,  whose  tem- 
ure  is  below  the  freez- 
aint,  and  carefully 
lod,  the  column  of 
-  in  the  tube  will  be 
to  Jail,  until  the  tlior- 
itcr  in  the  flask  marks 
;  6°.     It  will  then  be 

lowest  point ;  for  as 
em[icntliire  falls  still 
',   tlio   liquid    column 

begin  to  rise  in  the  tube,  and  continue  to  rise  until  the 
■  freezes,  altliongh  by  keeping  the  apparatus  perfectly  still 
atcr  may  be  cooled  several  degrees  below  its  normal  frcez- 
Dint  Ijcfore  this  takes  place. 

e  conrt=e  of  this  very  remarkable 'phenomenon  may  be  best 
sentcd  to  the  eye  by  means  of  a  curve.  In  Fig.  S84,  the 
isas  of  the  cuno  a  b  c  represent  degrees  of  tem|)erature, 
the  ordinatcs  the  corrcsjKindiiig  height  of  the  column  of 
•  in  tlie  tube  of  tlio  apjmratus  (Fig.  882),  measured  from 
aro-mark  on  the  scale  ;  and  it  will  I>e  noticed  that  the  cur>'e 
i  towards  the  axis  of  abscissas,  reaching  its  lowest  point  at 
cmpcrature  of  about  C.  This  curve  docs  not,  however, 
sent  faithfully  the  variation  in  tlie  volume  of  the  water, 
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rinco  tho  heiglit  of  the  liquid  column  in  tlio  tube  depends  oi  in 

expBiiHiou  of  the  glass  as  well  as  oii  tliat  of  Uie  euclowd  tiqa»L 

But  since  we  know  the  volume  of  the  glass  flask  aiMl  its  oosfr 

cieut  of  expaosion,   it  is  easj'  to 

calculate  Uie  eSect  produced  Iw 
its  expansion  ;  and  thiu  «-«  caa 
reduce  the  obscn'ed  lieiglils  of  ibe 
column  of  water  to  what  ik-r 
would  be,  were  the  rulume  of  Uk 
Tesscl  absolutely  conskuit.  Itlheo. 
ve  construct  a  curxo  with  tbew 
corrected  heights,  wo  iliall  oUua 
the  curve  ad/,  which  rcprvsestt 
accuratol;  the  variation  ia  the  nl- 
uroc  of  water  between  0'  and  W : 
and  it  will  be  seen  tliat  tlio  tiqa-J 
has  tho  smallest  volumo  (or  u  mttl 
dense)  at  4*. 

There   is  another  singular  fari 
connected  with  this  phcnonieuuo. 
f\f.ai.  8tarting  from  tlie  point  of  ntu- 

mum  dvn»ity,  (he  rate  of  espan<)i<h 
of  water  incroasics  with  very  nearly  etfual  nipidlty,  whvdHT  »'• 
hoat  or  c.K>l  Ih.;  liquid.  This  in  ilhistraU-*!  hy  ilm  waUTilw:- 
n»omi-t<T  (Fijr.  ;!».'»),  in  whiHi,  as  l«'funj  dowriUnl  (Jl'.'i,  t;-' 
(I'^rn-i's  have  Ih-oh  ]>r<i|Mirtii>ni'd  tn  tin-  rate  of  exiiaUMun.     In  li..- 

th'Ti H.tir,  as  ill  the  n|i|ianitiis  of  ¥\fi.  '.ix-2,  lh«  waii-r  »;li  '•■ 

lit  llii:  low.-t  ]"jiTit  atO',  ami  rroiu  lliis  ti-uiix-nitun-  t\v  »al>T»... 
ri>o  wli'-tliir  llif  ih>lniiiii-[it  Ik;  li>-al<'d  or  cook-d.  tli<>  Ifiijlli  ■' 
llii-  d  'lt  ■!•■*  iti  i-ithiT  ea-i'  rapidly  imrfasiiiir.  Thi*  t'-iiijiiTaiu^- 
l.li.w  i!'  im>  iiiaiki'd  in  tin-  ri-.'urc  on  thf  li'l't-haud  >i.l.-  i.f  li' 
!-r'  il<>  of  ili<>  iii-lniiiK'tit ;  l>iit  li<'r<'.  iis  iN-fon-.  tliu  {•ht-now-n-u  ■ 
oi-innit  I'v  IIk'  i-\]iaii>iou  of  tin'  u'la>s,  m)  that  the  rau-  i>f  t-sjo.'* 
hi'iii  (111  I'iili'r  r-'nl-  of  t1i<'  ixiiiil  of  uiaxiiiiiiiii  d'-h-titv  oniii)-<i  i< 
d;r.,lty  .■...i.,ai.-l.  It  U  -si.i.-i.t.  liow.'v-r.  tliat  it  ih.-r»-a«~  :^ 
Im,[||  III-.*  Willi  irn-al  r:i|iidiiy  ;  aii>l  w.n-  tlio  tiiU-  luid  Lull.  ii»v 
|>.iiivil-l<'.  till-  \<,\\<-l  [H.iiit  on  tlx'  H-aI<-  woul>)  Im'  4'.  aiid  tlK 
d-jn- ^  on  oilli-r  ^i.l.^  would  U;  <.f  i^iual  l.iiirtlw. 

Till!    fart    lliat   vali-r  lian    a   |>oiiit  of  n):i\innim  density  «^* 
lir>t  iii>tii'->rl  |.y  iliu  Floreiiliiit;  Arademieiiuis  as  earlj  ai  t'lTv; 


but  the  plienomenon  vas  firEt  carefullj  inves- 
tigatcd  by  LefSbre  Oineau,  while  determining 
the  French  unit  of  we%ht,  at  the  close  of  the 
last  century  (12).  He  fixed  the  point  of  maxi- 
mum density,  by  weighing  a.  mass  of  brass  in 
■water  (135)  and  comparing  the  loss  of  weight  at 
diflerent  temperatures,  —  taking  care  to  reduce 
the  restlts  to  what  tliey  would  have  been  if  the 
Tolume  of  the  brass  had  remained  absolutely 
constant.  He  found  that  water  was  most  dense 
at  4°.5  C,  and  this  result  was  confirmed  subse- 
quently by  Hallstrom,*  who,  using  essentially 
the  same  process,  fixed  the  point  of  maximum 
density  at  4''.1.*  Still  later,  Dcspretz,f  in  a  very 
extended  investigation,  published  in  1889,  on 
the  expansion  of  water  from  — 9°  to  -{-100°,  al- 
fo  fixed  the  point  of  maximum  density  at  4°. 
Dosprctz  used  in  his  experiment  thermometer^ 
tubes,  and  measured  the  cliango  of  volume  by 
tlie  method  described  in  (253),  correcting,  of 
course,  tho  observed  results  for  the  expansion 
of  the  glass.  These  observations  were  evidently 
cxjKtsed  to  all  the  uncertainties  connected  witli 
the  expansion  of  glas?,  already  noticed  (245) ; 
and  since,  near  the  point  of  maximum  density, 
tlic  expansion  of  glass  bears  a  very  largo  propor- 
tion to  that  of  water,  a  small  error  in  the  de- 
termination of  this  quantity  may  have  caused 
an  Important  error  in  the  final  result.  In  order 
to  avoid  this  source  of  error,  Pliicker  and  Geiss. 
lcr,J  who  have  made  tlie  most  recent  investi- 
gations on  this  suiycct,  used  thermometer-tubes 
very  ingeniously  contrived  so  that  the  expansion 
of  mercury  should  correct  that  of  the  glass. 
Tliey  found  it,  however,  impossible  to  deter- 
mine   witli    absolute    accuracy    the    point    of 

•  Annalcs    clo    Chiroio   rt   da    Phjaiqiie,  8*    S^ric,   Tom. 
XXVIll.  p.  S6, 

t  Comytn  Rindus,  Tom.  IV.  p.  134  ;    Tnm,  X.  131 
t  Poggcndorff's  Aanalcn,  Band  LXXXVl 
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Duximiim  density  by  direct  oVracrratioii ;  but  tlicy  condnoeJ 
that  it  must  be  very  near  8°.8,  and  that  it  niig!»t  Iw  rrjpifJ-^ 
for  all  practical  purposes  as  at  4*  without  iwiisil'lc  crntr.  lu- 
deed,  it  iii  im[K>s»ible  with  our  present  inelli<»d»  of  <Ai^mtiaa 
to  fix  tiio  point  of  maximum  dunciiy  witlii"  ■  ii»iart»T  «  » 
Centigrade  dogreo  ;  nor  is  this  imiwrUnt,  since  the  volume  <if 
wat«r  does  not  vary  perceptibly  for  a  degree  on  cither  »idc  of 
tills  point. 

Fig.  S8(i  gives  a  graphic  delineation  of  the  eijtanMon  of  wal<^ 
between  — 1'  aud  -f  lli",  according  to  the  meUiod  of  auulrtkal 


rt  Ml 


pfomorry.  Tho  curve  lirinn  will,  a  hf^vy  line  has  }>cfn  [.I.itl<^ 
fr-.ni  th.'  n-snlt-  ..f  nii.k.-r  :u.>l  C.-iv^h-r.  niid  thai  with  a  lik+t 
lino  from  tli.is..  of  H.'-pn'ti;.  Th.'  abv»-i««is  of  th.>  i-ntMs.  ire 
Ibi'  .I'-Bn-tx  (if  tt-nii-Tiihin-,  nnd  the  ordiiiutcs  an-  the  aMmutil-  '•( 
cxiKiiioioii, —  the  nninlvr  on  the  venicul  uxia  Iwing  ia  each  cue 
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60  many  millionths  of  the  volume  at  0*.  It  will  be  noticed  that 
the  two  branches  of  the  curve  on  either  side  of  the  abscissa  of 
4""  are  similar,  showing,  as  stated  above,  that  the  expansion 
increases  at  the  same  rate  from  tlie  point  of  maximum  density, 
whether  the  water  be  heated  or  cooled. 

This  provision  in  the  constitution  of  water,  that  its  point  of 
maximum  density  is  four  degrees  above  the  freezing-point,  is  one 
of  great  importance  in  the  economy  of  nature ;  for  were  it  not 
for  this  apparent  exception  to  an  otherwise  universal  law,  all  the 
ponds  and  lakes  of  our  northern  climates  would  be  converted 
every  winter  into  a  solid  mass  of  ice.  It  must  be  remembered, 
that  all  liquids  are  poor  conductors  of  heat,  and  that  they  can 
only  bo  heated  or  cooled  by  a  circulation  of  their  particles,  by 
which  each  in  its  turn  is  brought  in  contact  with  some  hot  or 
cold  surface.  Hence  we  cannot  cool  a  liquid  by  removing  the 
heat  from  below.  Tlie  lowest  stratum  of  liquids,  it  is  true, 
readily  yields  its  heat ;  but  since  its  density  is  thus  increased,  it 
remains  persistently  at  the  bottom,  and  then  its  poor  conducting 
power  comes  into  play,  and  prevents  the  escape  of  the  heat  from 
the  great  mass  of  the  liquid  above.  We  can  easily,  however, 
cool  a  liquid  by  removing  the  heat  from  the  upper  surface,  for 
then  the  particles  of  liquid  sink  as  fast  as  they  are  cooled,  until 
the  whole  mass  is  reduced  to  a  imiform  temperature. 

Such  a  circulation  as  this  takes  place  in  every  pond  as  the 
winter*s  cold  increases,  and  continues  until  the  temperature  of 
the  mass  of  water  has  been  reduced  to  4* ;  but  as  the  tempera- 
ture approaches  the  point  of  maximum  density,  the  circulation 
slackens,  and  is  entirely  arrested  when  that  point  is  fully  reached. 
The  surface  water  cools  still  lower,  and  finally  freezes  ;  but  then 
the  ice,  being  a  poor  conductor  of  heat,  and  floating  on  the  sur- 
face, serves  as  a  cloak  to  the  pond,  so  that  during  the  coldest 
winter  a  thermometer  will  always  indicate  a  tempei^ture  of  4*^ 
if  sunk  only  a  few  feet  below  the  ice. 

If  water  had  been  constituted  like  other  liquids,  the  circula- 
tion just  described  would  have  continued  down  to  the  freezing- 
point,  and  the  ice,  being  now  heavier  than  the  water,  would  have 
first  formed  at  the  bottom  of  the  pond,  and  gradually  accumu- 
lated until  the  whole  mass  of  water  was  frozen.  On  such  a  body 
of  ice  the  hottest  summers  would  have  produced  but  little  effect ; 
and  as  now  during  the  winter  the  water  freezes  only  to  the  depth 
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of  a  few  feet,  80  then  during  the  summer  the  ice  woald  onlj  have 
melted  on  tiie  surface.  Thus  it  is  tliat  the  order  of  crratioa  de- 
pends on  an  apparent  exception  to  a  general  law,  so  slight  and  k) 
limited  in  its  extent  that  it  can  only  be  detected  hj  die  mofi 
refuied  experiments. 

A  [)oint  of  maximum  density  has  not  been  obsenred  with  orr- 
tainty  in  any  liquid  except  water ;  but,  nevertheless,  it  is  |HK«ihl« 
that  such  a  point  may  exist  in  a  few  melted  metals,  such  as  ca>v 
iron,  antimony,  and  bismuth,  which,  like  water,  expand  on  liecum- 
ing  solid.  These  substances,  however,  are  liquid  only  at  hi^ 
temperatures,  at  which  it  is  impossible  to  nmke  accurate  m«*a»- 
urements.  On  the  other  hand,  it  hat  been  proved  in  the  case  of 
many  liquids,  which,  like  olive-oil,  contract  on  soUdifjing,  that 
there  is  no  point  of  maximum  density. 

Dcspretz  has  carefully  studied  *  the  effect  of  salts  di»ioIved  in 
water  on  its  point  of  maximum  density.  lie  founds  in  genenl« 
that  aqueous  solutions  have  a  point  of  maximum  density,  which 
may  be,  however,  below  the  normal  freezing-point  of  the  solutiuo 
when  the  quantity  of  salt  dit^solved  is  considerable.  The  point 
of  maximum  density  sinks  very  nearly  in  profiortion  to  tlie  quan- 
tity of  salt  dissolved,  and  more  rapidly  than  the  freezing-pi>int, 
so  as  finally  to  fall  l>olow  it  (271).  A  table  will  lie  found  in  the 
memoir  just  referred  to,  piviiig  the  jwint  of  maximum  druMij, 
as  well  us  the  fnHv/.in|jr-|N)iiit,  in  solutions  of  various  sult^  at  dif- 
ferent d<'gre»»s  of  eoiieeiitnition. 

(2*)1». )  Volume  of  JVatrr  at  different  Temperatures.  — Si'\«'nl 
ex[H»rinienter*<,  l»ut  «»s|MM*ially  I>e»»pretz,  Pierre,  and  Kopp.  h.iK* 
deteriuiiied  tho  Vdlmiie  of  the  huine  quantity  t»f  water  at  <i:lT'.r- 
ent  t4»ni|K*ratures  l»etweeii  — l.V  and  100° ;  and  tlien.  I»y  m*  ii.* 
of  inter|M»]atioii  forniuhe,  caleulated  the  volume  for  e\iTy  «!•  j^> 
lK»t\veeii  tlieso  limits.  The  vnliimes  and  et»rresp<»iidiuir  >|i-v.!*..: 
jrravitit»s,  as  thus  ealeuhited  by  Kopp,  are  given  in  TaMe  XVI. 
As  aln'ady  stated,  it  i**  ini|M»ssilih»  to  express  llie  \tiluu»«'  -f 
watrr  at  all  trin|MTatures  l»y  any  ^inlrle  fornntla :  hut  il»i»  r»I- 
lowinir  fonnuhe  will  trivi*  tlio  voluiuo  vrrv  elonelv  over  an  la- 
t«Tval   u{  tweiitv-liv«'  dei;re«'<.     The  iir>t  of  thes4r  Ma>  euleuUtoi 

9 

hy  Fraukeuheini    iruni    Pierre's    ex|>erinients,    the    n?>l   are   I'jf 
K(»p|>. 

•  Cuiii|^'«  llriklut,  Tom.  IV.  p.  435. 
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Between  — Id""  and  O*", 

F=  1  —  0.00009417^  +  0.000001449 <3  _  0.0000005985  A 

Between  0""  and  25'', 

V=l  —  0.000061045  <  +  0.0000077183  <«  —  0.00000003734  <• 

Between  25*  and  50®, 

V=  1  —  0.000065415^  +  0.0000077587  <«  —  0.000000035408  A 

Between  50*  and  75**, 

V=  I  4-  0.00005916^  +  0.0000031849^  +  0.0000000072848 A 

Between  75**  and  100**, 

V=  I  +  0.00008645^  +  0.0000031892  <»  +  0.0000000024487  A 

(260.)  The  Coefficient  of  Expansion  of  Water.  —  We  have 
assumed  that  the  coefficient  of  expansion  of  a  substance  at  any 
given  temperature,  /,  is  the  small  fraction  of  its  volume  by  which 
one  cubic  centimetre  of  the  substance  will  increase  when  heated 
from  ^**  to  (/  +  ^y  9  ft"d  this  assumption  is  sufficiently  correct  in 
the  case  of  most  substances,  for  we  may  regard  the  rate  of  expan- 
sion as  constant  through  one  degree.  The  coefficient  of  expan- 
sion of  water,  however,  increases  so  rapidly,  that  we  cannot 
without  error  regard  it  as  absolutely  the  same  even  for  one 
degree ;  and  we  must  therefore  define  the  coefficient  of  water 
at  any  given  temperature,  /**,  as  the  small  fraction  of  its  volume 
by  which  one  cubic  centimetre  would  expand,  when  heated  from 
f*  to  (/  + 1)**,  if  the  rate  of  expansion  were  the  same  during  tlie 
interval  that  it  is  at  t^. 

We  easily  obtain  from  [166],  for  the  value  of  the  coefficient  of 
expansion  at  any  given  temperature,  /,  the  value 

jsr  =  -i  .  -^^  ;  [182.] 

in  which  V  is  tlic  volume  of  the  liquid  at  a  given  temperature,  /, 
and  V'  the  volume  at  a  temperature,  /',  a  few  degrees  higher. 
This  formula,  like  our  first  definition,  assumes  that  the  coefficient 
is  constant  between  /  and  /'  degrees.  We  may  evidently,  how- 
ever, conform  the  formula  to  the  definition  just  given,  by  making 
the  interval  of  temperature  /'  —  t  infinitely  small.  It  may  then 
be  expressed  by  t/  /,  and  the  corresponding  difference  of  volume. 
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or  V  -  r,  will  be  </  r.  Making  thc90  subttttatiom,  [182] 
becomes 

K  »  ;. .  i^.  [mj 

d  V 
Since  now  we  can  easily  obtain  the  value  of  -^    bj    diSnt*- 

tiating  one  or  the  other  of  the  values  of  V  on  page  527,  w«  eu 
easily  calculate  the  coefficient  of  expansion  of  water  at  atir  fri^ea 
temperature,  by  simply  dividing  this  differential  coefficient  I>t  tlie 
value  of  V  for  the  given  temperature,  calculated  by  means  of  tbe 
formulas  ju^^t  referred  to.  Such  calculations  would  show  thst 
the  coefficient  of  ex|)ansion  of  water  varies  from  lero  at  the 
poiat  of  maximum  density  to  0.00076487  at  100*,  tlie  rate  of 
expansion  increasing  far  more  rapidly  than  that  of  any  olber 
liquid  known. 

Expansion  of  Gases. 

(261.)  The  differences  between  the  amotmts  of  expansioo  of 
different  gases  for  the  same  increase  of  temperature  are  far  ksi 
than  with  either  liquids  or  solids ;  indeed,  they  are  so  small,  that, 
previous  to  the  rcfuied  investigations  of  Reguault  on  this  fuH- 
ject,  the  cocflicient  of  exfrnnsion  of  all  gases  was  supped  to  l« 
absolutely  the  same.  The  annexed  table  gives  the  rv^sults  of 
Rognault*s  determinations  of  the  coefficients  of  ex|KinMon  of  i 
few  of  the  l>e>t-kiiown  prases  ;  and  it  will  lie  noticed  that  tin? 
coefficients  of  the  first  ft)ur,  which  have  not  vet  lK.vn  condonn^l 
to  lif}ui(is,  are  all  sensibly  the  same,  wliile  the  coefficients  of  tJw 
last  three,  all  condensible  gases,  are  considerably  greater,  tiJ'i 
the  greater  in  pro|>ortion  to  the  readiness  with  which  thoy  mar  k 
condensed. 

Coffficienti  of  Krpafuian  of  Gases. 


loiWr 

ra^ 

Air, o.iNKjt;r»o 

O.O^KJOTO 

Ni!n>jrtn,    .          .          .             '      (MXKltWW 

0.iliVi67«> 

Hy.!n>^H-ri,                           '  \J^    (MWKJiWm 

O.fUKUUJl 

Oxi.Ic  of  Ciir!.*irr.        ^^    ^^    0.00;JtV,7 

o.o<«r,4:9 

<M>i>37IO 

Sulphurous  Acid,    .                  .     O.CM»3845 

O.CHVW77 
0OOS90S 

V 
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The  first  four  coefficients,  those  of  the  constituents  of  air  and 
-water,  may  l>o  regarded  as  identical,  at  least  for  all  practical 
purposes  ;  and  if  considered  equal  to  0.003666+,  tlie  expansion 
for  one  hundred  degrees  will  be  represented  by  tho  viilgar  frac- 
tion iiy  which  can  bo  easily  rememl>cred.  In  lilce  manner,  the 
expansion  for  one  degree  may  be  represented  very  closely  by  tho 
vulgar  fraction  yfj.  Hence  273  cTm:*  of  any  permanent  gas  at 
0°  become  274  cm.'  at  1"  ;  and  if  we  assume  that  the  expansion 
is  exactly  proportional  to  tho  temperature,  they  will  become 
(273  +  /)  c7mJ  at  /".  MoreoTOr,  representing  by  V  any  roUimo 
of  a  permanent  gas  at  0",  we  shall  have  by  [lliti],  for  the  volume 
at  r,  the  expression, 

V  =V  (1  +  0.00366  0-  [184.] 

The  values  of  (1  +  0.00366  /)  for  every  tenth  of  a  degree  from 
— 2*  to  40°,  with  their  corresponding  logarithms,  are  given  in 
Tables  XI.  and  XII.  for  convenience  of  computation. 

Tho  cocHicicnt  of  expansion  of  a  gas  may  bo  estimated  in  two 
ways.  In  tlic  first  place,  we  may  measure  tlio  increase  of  volume 
which  the  gas  undergoes,  supposing  tlie  pressure  on  the  gas  to 
remain  constant  while  tho  volume  expands ;  or,  in  tho  second 
place,  keeping  tho  volume  tlio  some,  we  can  measure  the  in- 
creased tension  which  the  'gas  exerts  owing  to  the  increased 
temperature  ;  and  we  can  then  calculate  by  [98]  what  would 
have  been  the  increased  volume  had  the  gas  been  allowed  to 
expand.  The  difference  between  these  two  metliods  will  be  better 
understood  by  experimental  illustration. 

In  Fig.  387,  JS  is  a  glass  globe 
holding  from  1,000  to  800  c^^' 
of  perfectly  dry  gas,  whose  coeffi- 
cient of  expansion  is  to  be  meas- 
ured. This  globe  is  fdlod  by 
exhausting  tho  air  by  means  of 
an  air-pump,  connected  by  a  flex- 
ible Iiose  witli  tho  tube  p,  and 
tlien  allowing  the  gas  to  enter 
through  tubes  filled  with  pumice- 
stone,  moistened  with  sulphuric 
acid,  or  with  chloride  of  calcium,  "«■  *"■ 

two  substances  which  have  a  very  strong  attraction  for  water  (see 
45 
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Fig.  388).  The  exhaustion  is  repeated,  and  fresh  gas  admitted, 
twenty  or  thirty  times,  until  the  gas  in  tlie  globe  and  the  onh 
necting  tubes  is  known  to  be  pure  and  dry.  Tlie  connectMa 
between  the  globe  and  the  pump  is  now  closed  by  tomiof  a 
three-way  tiopcock  at  a,  leaving,  however,  the  connectHin  be- 
tween the  globe  and  the  manometer-tube  afi/  still  open.  The 
construction  of  this  manometer  has  already  been  descriM 
(168,  2).  When  the  apparatus  has  been  thus  filled  with  i 
gas,  the  coefficient  of  expansi<m  may  be  readily  determined  bf 
eitlicr  of  the  two  methods  just  mentioned. 

Firtt  Method.  We  begin  the  determination  by  surnmndioc 
the  glol)e,  supported  in  a  copper  boiler,  as  represented  in  tit.* 
figure,  with  pounded  ice,  so  as  to  reduce  the  temperature  of  the 
enclosed  gas  to  0^.  We  then  regulate  the  quantity  of  mercart 
in  the  manometer  so  that  tlie  columns  in  tlie  two  tubes  shaD 
stand  at  the  same  height,  as,  for  example,  a,  wliich  is  carcfidlj 
noted.  This  is  readily  eficcted  by  either  drawing  out  mercury  at 
the  lower  stopcock,  or  by  pouring  it  in  at  Uie  mouth  of  the  opes 
tube.  When  the  adjustment  is  perfect,  we  build  a  fire  under  the 
copper  boiler  and  surround  the  globe  with  steam,  by  which  the 
temperature  of  the  gas  is  soon  raised  to  100*.  Tlie  increased 
ela^$ticity  of  the  gas  duo  to  the  increased  temperature  will  drite 
out  a  {lortion  into  the  manometer-tube,  forcing  down  the  mertrurr- 
column.  A  quantity  of  mercury  is  now  drawn  off  at  tlie  lowff 
stoiKHick,  until  the  columns  in  the  two  tulK's  a^iain  stand  at  the 
same  h'vel.  When  this  is  the  case,  the  gas  is  exposed  to  tlie 
saino  pressure  as  l>ofore,  and  we  then  read  off  the  increased 
volume  by  nicuns  of  graduations  on  the  tube  provided  for  tbc 
puri)ose. 

I/Ot  U"*  rrpm'«ent  the  o^hitvo^I  incn*a<o  of  volume  in  this  expmnirt*. 
by  r.  un«l  l(*t  ih  as^iiine  that  th<*  pn*)&>ure  of  the  atimH|»hriT,  a«  if»i>* 
ratiMl  hy  the  ban>rnrt(*r,  n^TnaiiH*d  eon««tant  at  7B  c.  m.  during  th«*  n* 
)M*nrii«*iit.  If  now  w«»  repn»M»nt  tlie  volume  of  air  in  tin*  gUtlie  at  ••*  Ij 
r.  it  is  evident  tluit,  if  heated  m)  that  it  e<»uld  exfuind  fn*«*ly,  lhi«  ^lUuiw 
\%ouM  Ih'«*oiim'  at  1<M)°,  I'  (I  -|_  A*  MN>);  an  expn*?**!*^  in  mhioh  A'  i*  the 
ixM-tlieient  of  ex|mn<*ion  rt'cjuii^Mi.  In  the  appnratuji  U'fon?  u*.  boti^'^'rf. 
the  exc<»«*^  of  gB.«*  due  in  the  ex|»an*iion  esteajio*  into  the  lulic  da  fi,  wbrre 
it  U  ex|M>M*d  to  a  niueh  lower  teiii|)eniture.  Call  thi;*  temprnitarr.  mhtnk 
ii  alwav-.  enn-fullv  ob'iervetl,  r*.  The  volume  of  thift  umall  amoant  »/«■*. 
had  it!4  tem|>^mturL*  U'en  maintaintHl  at  1<N»®,  would  evidently  lu^ve 
r  (1  4"  A'  [100  —  0)'  •^  ^•^  ^®  ^^^^  '^^  f<|uation 
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V(l+KlOO)=  r+r(l+^[100— 0)  [185.] 

It  must  be  remembered,  however,  that  the  glass  globe  expai^ds  as  well  as 
the  gas,  and  therefore  contains  at  100^  a  larger  volume  of  gas  than  at  0^. 
Tlus  increased  volume  can  be  readilj  calculated  from  the  coefficient  of 
expansion  <^  glass  (K%  and  is  F  (1  -|- JT'  100).  Substituting  this  value 
for  Fin  the  second  member  of  [185],  we  obtain 

r(i+jrioo)=  r(i+^'ioo)4-r(i+jr[ioo^<])5 

which  gives,  for  the  coefficient  of  expansion  of  gas  under  constant  pres- 
sure, the  value 

^_       lOOFTT'  +  r  p.^.. 

Second  Method.  In  order  to  determine  the  coefBcicnt  of  ex- 
pansion by  the  second  method,  we  arrange  the  apparatus  exactly 
as  before,  so  th^t  the  4nercury  stands  at  tlio  same  level  (a,  Fig. 
887)  in  both  tubes  of  the  manometer  irhen  the  globe  is  sur- 
rounded by  ice.  We  then,  as  before,  raise  the  temperature  of 
the  globe  to  100^  ;  but  instead  of  allowing  the  gas  to  expand  into 
the  tube  ef  a  a,  we  pour  mercury  into  the  tube  ff  y,  in  order  to 
balance  tlie  increased  tension  of  the  gas  and  retain  the  volume 
constant.  Lastly,  we  carefully  measure,  by  means  of  a  cathe- 
tometer,  the  difference  of  height  (a,  y)  of  the  mercury  columns 
in  the  two  tubes  of  the  manometer ;  and,  having  observed  the 
temperature  of  the  apparatus,  reduce  the  observed  height  to 
what  it  would  have  been  at  0*.  Represent  this  height  by  Ao. 
Knowing  now  the  volume  of  the  globe  at  0**  (F),  the  height  of 
the  barometer  at  the  time  of  the  experiment  (£{)),  and  the  co- 
efficient of  expansion  of  glass  (iT'),  we  have  all  the  data  required 
for  calculating  the  coefficient  of  expansion  of  air. 

When  the  globe  was  at  0^,  the  gas  was  exposed  to  the  pressure  of  the 
atmosphere,  or  Hq  ;  but  after  tlie  globe  had  been  heated  to  100^,  the  pre^ 
sure  required  to  retain  the  volume  of  the  gas  the  same  as  before  was 
ff^  -|_  h^  We  can  now  easily  calculate  from  Mariotte's  law  [98]  what 
would  be  the  volume  of  this  gas  if  exposed  only  to  the  pressure  of  the 
atmosphere ;  in  other  words,  if  allowed  to  expand  freely.  It  will  be  found 
to  be 

V  ^V  —i—  •  [187.] 

Bat  by  [166]  the  mcreased  volume  of  the  gas  at  100^,  or  F',  is  also  equal 
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to  r(l  +  A''100),iothat  r(l  + A'100)=  r^+-^.      We 

remember,  however,  that  although  the  volume  of  the  gad  hasf  been  up^mh 
cntly  kept  constant  during  the  experiment,  it  has  noC  been  no  in  iraiitj. 
owing  to  tlie  exfiansion  of  the  glaM  globe.  In  constequence  of  this  eipin- 
Bion,  the  volume  of  the  globe  at  1 00*"  is  T  (1  -f-  A''  100) ;  and  thi*  vabr 
tihould  evidently  be  substituted  for  V  in  the  second  member  of  the  lan 
equation.     Making  this  subsititution,  we  obtain 

1  +a:ioo  =  (14-A''ioo)  ^+-* ; 

whence 

In  this  example,  as  in  the  lost,  we  have  assumed  that  the  f^remmt  of 
the  atmosphere  was  constant  during  the  experiment.  When  this  i*  iwl 
the  ca^,  certain  obvious  clmnges  must  be  made  in  the  formuhr.  jlofr- 
over,  in  the  practical  appli(*ation  of  these  methotis,  cenain  precaatnon 
mtHt  Ik*  taken,  which  will  be  found  describtnl  at  length  in  Re|!iiaak*f 
ori^Tinal  memoir*  on  the  subject,  as  well  as  the  peculiar  modificatius*  <i 
the  apparatus  best  adapted  for  each  method. 

(2<)2.)  General  Results  — Regiiault  found  that  tlie  tvo  meth- 
ods just  doscrilKHl  for  doiomiiiiing  the  coofticient  of  ex|ianM«>n  vl 
gases  yielded  slightly  diiri'rent  results.  This  will  l>e  i*ot*n  I't  t^ 
curriujr  to  the  tal>le  on  page  o28.  The  first  colunin  jriv***  tl^* 
eoi'lViciriit  as  deteiinined  from  the  increased  ela>tieitv,  thf  volutin 
reniimiin«r  eonstanl.  Tlie  si^eoiul  eoluiun  gives  the  c«K.*tTicifnl  x* 
d«'trriniiied  IVoni  the  inereaM'd  volume,  the  pressure  n^iuainlur 
eonvtant.  It  will  I»e  noticed  that  th<»  ditlen-'uce  U'twe^n  ll>: 
two  P'^-ults,  althou«rh  vrry  suiall  with  the  |>cTmaneiit  ^m*«,  t* 
ouit<»  lariTt*  with  those  that  eaa  Ik*  t»a^ilv  nMluee<l  to  the  !:•;»:  i 
stat«' ,  ami  it  will  Im»  pMin'mlMTtMl  that  it  i**  tliesi*  verv  iruv^  rnhxh 
yi»'l«l  most  readily  t.»  compii'ssion,  and  linief  tleviati*  luiM  mirk- 
r«lly  from  tli«»  law  of  Mariottt*.  MonM>ver,  tin*  fact  that,  with  ib-; 
rx«-.»|»tioii  of  liydroir«'n.  tin*  e«M'flieitMits  uimIit  constant  ^••luas'* 
ar«'  l«'»<s  than  tlio>«*  uii«1«t  eonsiaiil  prt'^sun*,  is  easily  explain^l. 
Ill  tin'  m 'thod  rmploytMJ,  tho  piM.vs  are  ex|M)>ed  to  a  gT»?at<r 
pr.'^^Min'  at  lOO'  than  at  0*  Hv  this  iin'^^^un^  thfv  ar>»  i>^ 
d.*u>rd   n»ore  than  wt»  assumiMl  hy  applyinir  llie  law  of  Marv.>lt< 

•  McmoirtHi  de  rAt^ilcnitc  de  Skicucr*  dc  riiitttdat,  Tom 
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in  our  calculation  as  if  it  were  exact,  and  consequently  the  effect 
of  the  increased  temperature,  is  really  greater  than  appears.  In 
other  words,  the  mercury-column  Ao  measures,  not  simply  the 
increased  tension  of  the  gas  caused  by  the  increased  temperature, 
but  the  diflFerence  between  the  increased  tension  and  the  in- 
creased compressibility.  In  the  case  of  hydrogen,  which,  unlike 
all  other  gases,  is  compressed  less  than  the  law  of  Mariotte  re- 
quires, the  variation  is  in  the  opposite  direction.  (Compare 
page  296.) 

Begnault  also  discovered,  what  indeed  might  l>o  inferred  from 
the  facts  already  stated,  that  the  coefficients  of  expansion  of  all 
gases  except  hydrogen  increase  with  the  pressure  to  which  they 
are  exposed.  The  greater  the  pressure  on  a  mass  of  gas,  and 
hence  the  greater  its  density,  the  greater  is  the  amount  of  its 
expansion  for  the  same  diflFerence  of  temperature ;  and,  on  the 
other  hand,  the  less  the  pressure  and  density,  the  smaller  the 
amount  of  expansion.  The  coeflficient  of  expansion  in  any  case 
increases  with  the  pressure  in  proportion  as  the  compressibility 
of  the  gas  deviates  from  the  law  of  Mariotte,  and  hence  the  dif- 
ferences between  the  coeflficients  of  diflFerent  gases  are  the  more 
decided  the  greater  the  pressure  to  which  the  gases  are  exposed. 
On  the  other  hand,  as  the  pressure  diminishes,  the  coeflScicnts  of 
expansion  of  diflFerent  gases  approach  equality ;  and  it  is  probable, 
therefore,  that  all  gases  in  tlie  state  of  extreme  expansion  would 
have  the  same  coeflScient.     (Compare  page  297.) 

It  appeal's,  therefore,  that  all  gases  have  the  same  coeflficient  of 
expansion,  in  so  far  as  they  obey  the  law  of  Mariotte.  In  the 
case  of  those  gases  which  have  not  been  liquefied,  and  which  con- 
form very  closely  to  Mariotte's  law,  the  coeflficients  of  expansion 
under  the  pressure  of  the  atmosphere  are  sensibly  equal,  and 
even  in  the  case  of  the  condensible  gases  tlie  diflFerences  are 
very  small,  amounting  in  no  case  to  more  than  three  units  in  the 
fourth  decimal  figure.  We  may  therefore  say  that  tlie  coeflfi- 
cient of  expansion  of  all  gases  under  the  pressure  of  the  atmos- 
phere is  equal  to  0.003G,  within  three  ten-thousandths. 

(263.)  Air- Thermometer.  —  We  have  seen  that  the  defects 
of  the  mercury-thermometer  arise  from  two  causes  ;  first,  the 
slowly  increasing  rate  of  expansion  of  mercury  as  the  tempera- 
ture rises,  and,  secondly,  the  irregular  and  uncertain  expansion 
of  the  glass  bulb.     Botii  of  these  defects  may  be  avoided  by  using 

45  • 
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ur  as  the  tliennometric  material :  the  first,  became  tbe  ezpi*- 
lion  of  ur  is  exactly  proportional  to  tho  tomporatura ;  mod  thi 
Bocoud,  because  Uie  expansion  of  air  is  so  much  greater  than  tfatf 
of  glass  that  tho  irregularities  in  the  expansion  of  the  lancr 
may  bo  overlooked.  It  is,  however,  hjr  uo  means  »o  easy  to  ams- 
uro  the  volume  of  a  gas  as  tliat  of  a  liquid.  Tlio  volume  at  ■ 
liquid  is  not  aflcctcd  by  the  changing  pressure  of  the  ataMs- 
pliorc,  whilo  Uiat  of  a  gas  is ;  so  that  while  a  small  incresH  id 
tho  volume  of  a  quantity  of  mercury  eucloseil  in  a  commoa  titer 
momotcr  can  bo  measured  by  tlte  mere  inspoctiuii  of  the  ditit- 
ious  on  tho  stem,  tlio  amount  of  expansion  of  a  quantity  of  air 
confined  in  a  gloss  bulb,  although  much  larger,  can  oaly  h 
determined  with  ccrtAinty  by  a  tedious  process,  occupying  «*• 
cral  hours.  Thus,  although  with  an  air^thermometcr  we  eai 
measure  temperatures  with  aecunicy  to  the  hundredth  of  a  Ceati- 
grado  degree,  yet  it  requires  a  day  to  make  a  single  ofanerraliiB. 
Tlio  air-thermometer  is,  thcrcfure,  of  no  use,  except  in  the  fe« 
cases  which  require  t)io  very  liigliest  degree  of  scientific  pnviftaa. 
In  such  cases  it  is  an  hivaluablo  instrument;  but  even  tlieB.ti 
in  all  other  scientiric  meaKuremcnts,  Uie  greatest  attainal4e  ane- 
rocy  con  only  bo  gained  at  tho  cost  of  time,  l;ilior,  and  skilL 


CliM.)   liffrnnult's  .■li>-TArrm(Jm/-/pr.  —  Th.>  air-lb 
wlii.li  is  itvd  tmly  in  di'li.-nt.'  nuMi-nn-ni'-iit-i  of  t.-nij-'nUHr*. if 

Tf\<T nl.ii  ill  Fipi.  :IH>'  an<l  :iS',t.     It  r.ni^isit  of  a  ryliiidncal 

rvM-rvuir  of  glass,  //,  o]iening  into  a  capillary  tutio  bent  at  ri^l 
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angles  and  dnvwn  out  to  a  fine  point.  In  order  to  estimate  tern- 
peratures  with  thie  iastrument,  it  is  first  filled  by  meaiie  of  an 
•ir-pnmp  aud  dijiDg-tubes,  as  sliovn  in  Fig.  388,  with  perfectly 
dry  air,  and  then  exposed  to  the  temperature  to  bo  measured,' 
vhich  VfO  will  call  T°.  When  an  equilibrium  of  temperature 
has  been  established  between  the  thermometer  and  tlie  heated 
Bobstance,  the  fine  opening  is  closed 
with  a  blowpipe,  and  at  the  same  time  ^ 

the  height  of  the  barometer  is  noted,  ,        1        _ 

which  we  will  call  li,.  The  air  in  the 
thermometer  is  now  expanded  to  the 
extent  corresponding  to  T°,  and  the  next 
gtep  is  to  ascertain  the  amount  of  this 
expansion,  since  we  can  easily  calculate 
from  this  the  temperature  T*.  For  this 
purpose,  we  place  the  thermometer  upon 
the  metallic  support  represented  in  Fig. 
889.  The  reservoir  of  the  thermometer 
rests  upon  three  brass  knobs,  and  is  kept 
in  its  place  by  means  of  a  binding  screw. 
The  tube  of  the  thermometer  passes 
through  a  hole  in  the  centre  of  the 
brass  stage  A,  and  the  end  dips  under 
mercury  contained  in  tlie  glass  dish  C 
The  bent  end  of  the  tube  is  adjusted  opposite  to  an  iron  spoon,  a, 
filled  with  wax,  wliich  can  l>o  pushed  forward  on  its  support,  s, 
so  as  to  close  the  end  of  tlie  tube  while  under  mercury,  when 
necessary.  These  adjustments  having  been  completed,  the  tip 
end  of  the  tube  is  broken  off  with  a  pair  of  pliers,  when  tlie- 
mercury  immediately  rushes  up  into  the  thermometer  and  par- 
tially fills  it.  The  thermometer  is  next  surrounded  with  pulver- 
ized ice,  which  is  piled  up  on  the  stage,  G ;  and  when  the  air  in 
tlie  reservoir  has  fallen  to  0°,  the  end  of  tlie  tube  a  is  carefully 
pliig^d  up  by  means  of  the  wax  in  the  iron  spoon,  and  at  the 
same  time  the  heiglit  of  the  barometer  (-^O  is  carefully  noted. 
Tlie  ice  is  now  removed,  and  when  tlio  temperature  of  the  mer- 
cury in  the  thermometer  has  l>een  restored  to  that  of  the  air,  the 
height  of  the  mercury  in  the  thermometer  above  that  in  tlie 
reservoir  is  carefully  measured.  We  will  call  it  A ,  and  hence 
the  air  in  the  thermometer,  at  the  moment  the  tube  was  plugged 
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with  waXy  must  have  been  exposed  to  the  pressure  of  11'  —  L 
This  measurement  is  easily  made  by  means  of  a  catlieU)iu«*ter 
and  the  screw  ;^,  in  the  maimer  previously  explained  in  cooiieo' 
tion  with  Regnault's  barometer  (159). 

It  is  next  necessary,  in  order  to  determine  the  temprnUure  to  vbrli 
the  thcmiometer  has  been  exposed,  to  ascertain,  fimt,  the  volume  uf  ur 
remaining  in  the  thermometer  after  contraction,  and,  aecoodlr,  thr  tulii»p 
originally  containe<l  in  it.  For  thLs  puqioen;,  the  thermometer  i»  rrtnof  rd 
from  itH  (Support  and  weighed  ;  call  this  weight  W»  The  thermooietcr  m 
then  filled  completely  with  mercury  at  0*  and  weighed ;  call  thk  MoaJ 
weight  W',  Lastly,  it  is  completely  emptied,  and  the  ghuia  wdghed  hj 
itsi'lf ;  call  this  last  weight  tr.  Wc  have  now  all  the  data  for  cakvkiiif 
the  amount  of  expansion  of  the  air,  nnd  consequently  the  t^mpmcvt 
required.  Before  commencing  the  calculation,  we  mttft  reduce  the  o^ 
served  heights  of  the  barometer  (/f  and  H)  and  merrary-cuiumn  (A)  i» 
0^  by  the  method  given  in  (251).  We  will  call  these  oorrectrd 
/^,  H'^  h^     We  can  then  readily  calculate  the  following  qoantitk*. 

If"'  —  IT  =  weight  of  mercury  which  fills  the  thermooR'ter  at  0*. 
—  =  capacity  of  thermometer  at  0^  when  d  =  Sp.Gr.  of 

—    —    (1  -|-  A''  7*)  =  capjieity  of  thermometer  at  7**,  when  K*^c> 

etfifirnt  of  expansion  of  giants. 
W  —  IT  =  wt'i'jiil  ot*  nirrt'ury  which  enlenHl  the  themiometrr  c>n  l»rpik- 

\\v^  llie  tip,  the*  trniponilurtM>f  the  tht*nij«»mi*trr  U'in^  <^. 

•=.  volume  ot*  mereurv  which  enten^il  the  thennunieti-r  «>«  hr*'^- 

iii;^  the  tip,  tlu'  l<*m|»eniture  of  the  thennoniet«*r  U-jnj;  •»' 

II'' II' 

=r  vohiine  ot'uir  in  the  th«'nnometer  at  the  miMnent  i>t*  pla^^^ici 

with  wax,  ex|H)*ed  tt)  a  pre^k'^ure  //f  —  h^  and  to  a  tra- 

|Krature  of  0\ 

w '        \\^     tt  h 

•  -  "L  .    '  ^  volume  which  same  air  would  have  under  7»»  cm. 

and  0  . 

ir  —  ir    //'-/i 


0  "0 


//  "     (^  4"  ^'  ^)  ^^  v(»hnne  which  same  air  wouM  hji«c 
under  //^c.  ni.  and  7*^. 

Hy  the  condition-*  of  the  pn)!>h  in,  thi-*  volume  of  air  ju<t  filled  the  tbr^ 
niometer  at   T^  and   umh-r  bjin»iu«-lric  |»res.-ure  //•;  henit? 

-  j^     •  ( 1  +  A  /  )  =         ^  -    ( 1  -f  A    r;  =  the  cm^f- 

ty  of  thermometer  at  7*' ; 


or 
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l+K'T        W'—W        ff^—h 


IJ^KT  W'  —  w  H, 


[189.] 


m=  ^,~^    •    "'^^^    and    Jr=  0.00367;    [190.] 
and  we  have 

Bj  means  of  [189]  and  [190]  we  can  easily  calculate  the  temperature 
from  the  experimental  data.  The  coefficient  of  expansion  of  glass  is  the 
onlj  uncertain  element  which  enters  into  the  calculation.  When  the  ther- 
mometers are  made  of  the  common  crown-glass  of  Pai*is,  the  coefficients 
of  expansion  may  be  taken  from  the  table  on  page  497,  estimating  roughly 
the  required  temperature,  as  can  easily  be  done  by  means  of  a  common 
mercury-thermometer.  When,  however,  such  thermometers  cannot  be 
obtained,  it  is  best  to  have  a  number  made  from  the  same  pot  of  glass, 
and  ascertain  carefully  the  coefficient  of  expansion  of  this  gla<«s  between 
0®  and  every  %.iiy  degrees  up  to  350**.  These  coefficients  can  afterwards 
be  used  in  all  experiments  with  the  same  set  of  thermometers. 

(265.)  By  substituting  T  for  100,  we  can  easily  obtain  from 
[186]  and  [188],  by  transposition,  the  value  of  Tin  terms  of  the 
coefficient  of  expansion  of  air;  and  since  this  coefficient  is  accu- 
rately known,  either  of  the  methods  of  (261)  may  be  used  for 
determining  temperature.  The  form  which  has  been  given  by 
Regnault  to  the  manometric  apparatus,  when  used  for  this  pur- 
pose, has  already  been  represented  in  Fig.  273.  The  glass  tube 
a  &  c,  which  serves  as  an  air-thermometer,  is  closed  by  a  stopcock 
r,  and  can  be  connected  to  the  manometer  by  a  brass  collar  of 
peculiar  construction,  as  before  described  (see  Figs.  274  and  275). 
The  air-thermometer  having  been  exposed  to  the  temperature  to 
be  measured,  the  stopcock  r  having  been  closed  at  the  moment  of 
observation,  and  the  height  of  the  barometer  noted,  we  can  easily 
determine  the  temperature  in  the  following  way. 

In  the  first  place,  mercury  is  poured  into  the  manometer  at  K  until  the 
tube  h  gf  i»  completely  filled,  and  when  the  mercury  begins  to  drop  from 
the  open  end  aif,  the  air-tliermometer  is  connected.  The  thermometer  is 
now  surrounded  with  melting  ice  in  order  to  reduce  its  temperature  to  0®, 
and  before  the  stopcock  r  is  opened,  a  quantity  of  mercury  is  drawn  out  of 
the  manometer  at  i?,  in  order  to  make  a  great  difference  of  level  between 
the  two  columns.  On  opening  the  stopcock  r,  a  portion  of  the  air  in 
the  thermometer  passes  into  the  tube  gh  ;  and  mercury  must  be  again 
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poured  into  the  tube  k  •*,  ontil  the  turfiuie  of  the  eoloiiui  in  tlie 
coincided  exactly  with  a  mark,  a,  on  the  side  of  the  tabe.  The 
nation  L»  then  completed  hj  meaj»uring  with  a  eathelomeler  tlie 
of  level  of  the  two  mercury-colunui«,  noting  the  temperatore  of  the  ■»• 
nometer  by  mean«  of  the  thermometer  f,  and  obserring  tiie  hrtgirt  «f  the 
barometer.  We  have  now  the  following  data  for  calnilalioni  tlM  hta^m 
of  the  mercury-cot umna  having  been  reduced  to  0^ :  — 

/To  =  height  of  barometer  at  the  moment  of  obeenring  the  tmpentfirr. 
H^  =  height  of  barometer  at  the  moment  of  measuring  the  diflerewc  id 

leveL 
A^   =  difference  of  level  as  measured  by  the  cathetotneter. 

V  =  ca|iacity  of  air-thermometer  at  0^. 

V  =  ca|>acity  of  manometer-tube  between /*  and  the  mark  «• 

t     =  temperature  of  the  manometer  at  the  time  of  the  ezperuDeoL 

T    =  required  teniiK^rature  to  which  the  thermometer  was  expoied. 

K    =  coefficient  of  expansion  of  glass. 

0.003G7  =  coefficient  of  ex|>ansion  of  air. 

0.0012921  gram.  =  weight  of  one  cubic  centimetre  of  air  at  0*  and  76  c.& 

The  volume  of  air  in  the  nir-thermoraeter  and  in  the  manomHrr-ivbr. 
when  the  value  h^  wan  mea>ured,  was  evidently  F'-j-  r  ;  the  portinn  Tai 
the  tem|)erature  of  0^,  the  portion  r  at  /^,  and  the  whole  under  a  fo^ 
sure  H  —  h^  [lOG].  lieducing  by  [166]  the  volume  r  to  what  it  w«nU 
be  at  0**,  and  reiluoing  by  [107]  the  sum  of  the  volumes  at  «"*•  to  mhn 
thi;*  total  volume  would  be  under  the  normal  pre!U»ure  of  the  atmo«plKfr, 
we  eu>ily  obtain  for  the  weight  of  this  muM  of  air, 

0.0<J12921    fr+r  ,    .      ^     .,;,J  ^*~^*> 
L      ~      14-0.(M.i3G7rJ        76 

Hut  w«»  know  that  tliiit  sxune  miuM  of  air  at  the  tom|)rraiur«*  7*  (that  k 
at  the  niofiirnt  of  elo>iiig  the  ht<i{H*oek  r)«  and  under  the  pn^^i^un*  //,  i:b 
h<*i^ht  of  tli«*  iMironifttT  at  the  tinu*)«  m^^upitNl  ju^t  tlH'  Volume  uf  tbt*  u-** 
tlwnnoiuetrr  tti  t/uU  trmfh^niture^  or  I'  ( 1  -j-  A'  7*).  H**ducing  tliL*  %i4uBr 
to  what  it  would  1m*  iit  O^  an<I  76  c.  m.,  und  muUiplyin};  thU  r«^tKt*i 
volunn*  by  iIh'  wri;;lii  of  one  ruhio  o'nliiiu'ln*  of  air^we  obtain  a  ^^y^\ 
expn'^^Hioii  for  lli«'  Wfi^rlit  of  tin'  pv«n  nuiss  of  air,  which,  in  the  folk>*in* 
c<]uation,  U  put  rqiial  to  tin*  tir»l :  — 

0.(XU2921  r      ^^^  ^  ;^  '^'•  =  0.0012921  IV-V-r  '  1  '''"■^ 

or  HNlurinj^ 

14- AT        _r,,     r  t  1".-^        noal 

i4-iMM.3«7.r ~  [  "•■  f   *  i-|-o.(ws6;.iJ     U\    '    L**"-' 
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AU  tli6  terms  of  the  second  member  of  this  equation  are  known  quantities 
except  Kand  Vy  and  these  can  easily  be  obtained  in  the  fc^lowing  waj. 

In  the  first  phice,  we  fill  the  manometer-tube  with  mercury,  as  before,  and 
then  slowly,  by  the  stopcock  H,  draw  ofi*  the  mercury  into  a  tared  vessel 
until  the  surface  of  the  column  coincides  with  the  mark  u.  The  weight 
of  this  mercury  divided  by  its  specific  gravity  [56]  is  equal  to  r.  We 
then  attach  the  air-thermometer  (the  stopcock  r  being  open),  and  observe 
the  height  of  the  barometer,  J^  Since  the  mercury  is  at  the  same  level 
in  both  tubes  of  the  manometer,  the  confined  volume  of  air  (  V-^-  v)  is  of 
course  exposed  to  the  pressure  Jffo.  We  next  draw  off  more  mercury 
at  H  until  the  the  level  of  the  column  in  the  tube  h  g  sinks  to  a  second 
mark,  ^.  The  weight  of  this  mass  of  mercury  divided  by  its  specific 
gravity  gives  the  volume  of  the  tube  between  a  and  ^,  which  we  will  call 
v*.  Lastly,  we  measure  the  difference  of  level  of  the  mercury-columns  in 
the  two  tubes  of  the  manometer,  which  we  will  call  h^  At  this  moment 
the  volume  of  the  confined  air  is  V-^-  v  -|-  r',  and,  assuming  that  the 
height  of  the  barometer  has  not  changed  during  the  short  interval  occu- 
pied by  the  experiment,  this  volume  is  exposed  to  the  pressure  H^  —  h^ 
The  values  F-j-r  and  V-^v-^v'  are  then  the  volumes  of  the  same 
mass  of  air  under  the  pressures  H^  and  H^  — h^  respectively.  Hence, 
by  [98], 

y^,  =  ^ .  [193.] 

and  from  this  equation  we  can  easily  deduce  the  value  of  Vy  since  all  the 
other  terms  are  known. 

(26G.)  Air-Pyrometer.  —  By  substituting  for  the  glass  ther- 
mometer (a  b  c,  Fig.  273)  a  thermometer  made  of  some  refrac- 
tory substance,  the  apparatus  described  iu  the  last  section  may  be 
used  for  measuring  very  high  temperatures.  Pouillet*  employed 
for  the  purpose  a  small  globe  of  platinum  at  the  end  of  a  long 
and  narrow  tube  of  the  same  metal ;  but  a  thermometer  made  of 
porcelain,  as  proposed  by  Regnault,  would  be  less  expensive,  and 
even  better  adapted  to  the  purpose.  In  the  use  of  platinum 
there  is  a  liability  to  error  arising  from  its  power  of  condensing 
gases  on  its  surface  at  the  ordinary  temperature. 

(267.)  The  True  Temperature.  — It  is  generally  admitted  that 
the  expansion  of  a  given  mass  of  air  under  constant  pressure  is 
absolutely  proportional  to  the  quantity  of  heat  it  receives.    If  so, 

•  ComptM  Rendu,  Tom.  HI.  p.  782. 
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the  temperatures  given  by  the  air-thermometer  are  the  true  teoh 
peraturcs  ;  but  although  this  assumption  is  highly  probable,  it  it 
im|K)ssibIc,  in  the  present  state  of  our  knowledge,  fully  to  e»tal»li«li 
its  truth  by  experimental  proof.  Nevortheless,  the  temperatunn 
given  by  the  air-thernionieter  are  the  nearest  approach  we  caa 
at  preiient  make  to  the  trne  temperature,  and  it  iit  imfftrtuit 
in  all  scientific  investigations  to  substitute  for  the  indicatii»n«  <if 
a  mercury-thermometer  tlio  corresponding  temperatures  of  the 
air-thermometer.  When  we  know  the  nature  of  the  glass  <»f  iIk 
mercury-thermometer,  we  can  readily  make  the  reductiun  hx 
means  of  Regnault*s  table  on  |>age  4:^'> ;  but  since  the  ex|Nin.M«>o 
of  glass  is  always  more  or  less  uncertain,  it  is  always  liest  to  U5if 
tlio  air-thermometer  in  observing  high  temperatures  if  great  accu* 
racy  is  nKpiired. 

(208.)  Effects  and  Applications  of  the  Expansion  of  Air.  ^ 
One  of  the  simplest  effects  of  the  ex|mnsion  of  air  is  n^on  in  th* 
action  of  a  stove  on  the  air  of  a  room.  The  particles  of  air  in 
contact  with  the  heated  iron  are  ex|>anded,  and,  lHVi>min;r  tliu« 
specifically  lijrhter,  rise  and  give  place  to  the  ci>Mer  |»artioK-» 
which  flow  in  from  l)elow.  Thus  a  circulation  is  otabli^lK'd 
by  which  all  the  air  in  the  ro<mi  is  finally  bn)ught  in  ctMiUti 
with  the  source  of  heal  and  warmed.  Wen^  the  air  vi^ihl,*,  tin? 
heated  air  would  l»e  sim'ii  to  rise  from  the  stove,  spn%kd  ii^-lf 
over  the  eeiliiiL'.  tle>eeMd  aloiiir  tli<*  walls,  and  flow  bark  <»Vfr  the 
!ii>or  to  tin}  sto\e.  In  like  niamnT,  <*\rrv  furiiaee-llut\  ini^h-rJii, 
or  candle,  and  ev^rv  human  UmIv,  wouUl  Ikj  S4vn  to  W  \\\*'  o*i.:r» 
of  an  aMMMidiiiir  eolmnn  of  lical«'d  air  ;  iiidetMl,  smdi  i>  tlie  jierftl 
fnMMloni  of  motion  in  air,  that  a  siipjle  liirhtcd  candh*  will  >•  t  iu 
motion  till*  wliolr  atino>i)lM'n*  ot*  a  <|tiiet  a|iartmeiit.  Similar  t'lir- 
n'nls  are  4*staMi>ln*d  wJuMievrr  a  door  is  ojMMied  l»y  whieh  a  uaria 
room  is  roiiiHM'trd  with  a  eold  eiitrv.  The  heal**d  ami  lijhl»r 
air  |Mnir»^  out  from  the  room  at  tin'  top  t»f  the  iliM>r,  wjiil*'  lit*' 
coldtT  air  ti'»u^  in  ovor  tin*  do<»r-sill.  The  flam*'  of  a  lijliit'l 
eandlf  may  Im'  used  (as  re|>r«'s,'iiti«d  in  Fiu''.  •>'.h»  >  to  tl.»!,i';  \W 
<lin'«iion  <►!'  tli«'  eurn-nts.  A  current  (»f  air  niav  alwav«  l«- 
notiii'd  fjowinir  towards  tlu'  sunny  sid«'  of  a  buildiuLT.  uln-h 
supplii'N  the  eurrt-nt  ri^^in-j  alonir  the  luxated  wall.  Ihit  l«y  Ut 
the  irrand»'»»t  «*xliilMtion  of  thi^  ai-rifomi  eireuhiliou  is  the  tr*"!'^ 
wiinls.  T1h'*»«'  an*  eau»*ed  l»y  the  unequal  action  uf  the  >\\\\  i»a 
dilferenl    parts    of   the   earth's    surface.      At   the    c«}uator,   tli« 
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strongly  lieated  wr  rises,  and  its  place  is  snpplied  by  colder  air, 
vtiich  ilovrs  in  on  both  sides  fi-om  the  temperate  zones;  Urns 
citrrents  arc  established  which  would  blow  directly  north  and 
south,  were  it  not  that  tlio  rota- 
tion of  the  globe  causes  tliem  to 
deviate  from  this  dii-ection,  while 
other  and  local  causes  come  in  to 
prodiico  the  irregularities  which 
are  observed. 

The  cfTect  of  a  glass  chimney 
on  the  flame  of  a  candle  is  an- 
other illustration  of  the  action  of 
heat  in  expanding  air.  By  tlie 
chimney,  the  heat  generated  by 
the  burning  combustible  is  con- 
fined within  the  glass  walls,  and 
consequently  tlio  air  surround- 
ing the  flame  becomes  more  in-  n«  bm 
tensely  heated  than  it  would  be 

without  the  cliimncy.  Moreover,  the  heated  air  is  also  confined 
by  the  walls  of  tlio  chimney,  and  prevented  from  mixing  with  the 
atmosphere,  thus  forming  a  column  of  heated  air  whose  height  is 
equal  to  the  height  of  the  chimney.  This  column  of  air  will  evi- 
dently be  buoyed  up  by  a  force  equal  to  the  difference  between 
the  pressure  of  the  air  at  the  bottom  and  at  the  top  of  the  cylin- 
der, and  this  force  has  been  shown  (136  and  155)  to  be  equal  to 
the  weight  of  a  column  of  the  exterior  cold  air  of  the  same  area 
and  Iicight.  Hence  the  heated  air  will  rise,  for  the  same  reason 
that  a  balloon  rises,  and  with  a  velocity  proportionate  to  the  ex- 
cess of  the  buoyancy  over  its  own  weight.  Tlie  quantity  of  air 
passing  through  such  a  chimney  in  a  given  time  can  readily  bo 
calculated,  when  the  area  of  the  section  of  the  chimney,  and  the 
difference  of  temperature  between  the  inner  and  exterior  air,  arc 
known. 

The  draught  of  an  ordinary  brick  flue  is  caused  in  the  same 
way  as  tiiat  in  the  glass  chimney  of  a  bmp.  The  weight  of  the 
column  of  heated  gas  CD  (Fig.  391)  is  less  than  that  of  the 
column  of  exterior  air  A  B,  and  hence  there  results  an  excess  of 
upward  pressure  which  forces  the  products  of  combustion  up  the 
chimney  the  more  rapidly  the  greater  the  difference  of  weight 
46 
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betwocn  tlie  two  manes  of  gas.    A  good  draught  dependi  on  tk 

following  ol>Tioii8  conditioDs:  — 1.  The  mxe  of  the  flue  aboaU  be 
proportiooal  to  tho  amount  of  gaa  it  n 
required  to  carry ;  for  if  too  larva. 
cold  currcuta  may  denoend  in  iW 
angles  of  tlie  flue,  while  a  bcalmt  out 
^HH|    ^m  ascends  in  tlio  axis.     2.   The  bngk 

HV'.'>~  -^B  of  tho  chimney  should  be  as  greal  i* 

^^   ^^  possible  ;   fur  the  greater  the  liei^ 

the  greater  will  he  the  ciccm  of  the 
upward  pressure  on  which  the  drau)^! 
depends.  8.  Tlie  room  with  whiek 
the  flue  connects  should  oot  be  w 
tight  tliat  air  cannot  enter  as  &»t  u 
it  escapes  bj  the  chimney.  4.  Ad* 
direct  communication  between  tepa- 
rato  flues  in  adjoining  rooms  sbauU 

be  avoided,  1>ecausc,  if  one  flue  draws  better  thaa  the  olJier,  % 

downward  current  may  l>o  established  iu  tho  last. 

Still  another  application  of  the  ascensional  force  of  heftted  air 

is  to  be  t^ecii  in  the  liot^ir  furnaces  which  are  so  umrcnallT  wed 

iu  tills  country  for  heating  buildings.     They 

usually  consii't  uf  a  briek  diaiiil>or  placed  in 

tlic  cellar,  eoniiecti;<i  by  ilie  cold-air  bvx  with 

the  L-xtenor  uir,  nnd  cdmnuiuiouling  by  tin 

lulws  wilb  the   iiitTi^rcnt   a|iartiiifiits    al>ove. 

The  iiili-rior  of  iIiIk  brick  cbuml>er  ix  nearly 

fllli'd  witli  a  larjru  ca^t-ir^Jtl  slovu,  constructed 

of  various  patti'riis,  sd  as  to  exiw-^e  a  largo 

licatiiisr   surface    t^)   tbe    air   !iurn>uii»iiiig  it. 

Tins  iiirati-il  uir  ascends,  in  virtm;  ofils  buny-  r%.a« 

nncy.  tlimntrb  tbe  tin  cuiiducttii^-liilicK,  and 

ci)l>i  air  i»  pro-si-d  in  rnmi  tbi-  mitsidt?  »f  the  building  to  su(^4r 

its  pbn'i!,     A   riirnace  of  tliis  kind  {('hilsou'si)  in  reprwoni»i  in 

VifC-  •('•*>,  and  tliu  arrows  indicate  the  direction  of  the  currvu'.* 

of  air. 

The  aoci'iiMonal   fiTic  of  bi-atcd  air  if  not  only  appliol  ia 

wnrniiii);  build  in  ^r^*.  bnt  it  ii  alx)   UM-d    for  producing  ventiU- 

tiuii.      Otie  uf  the   Ix-st   urraiiiifnicnts   fur  tbe   puqMMv,  wliicli 

may  be  nM.>d  wiili  great  utficiency  in  counectioa  witli  a  boMii 


HEAT.  648 

fiimace,  is  represented  in  Fig.  893.    The  smoke-flue  of  the  fui^ 

nace,   formed  by  a  cast-iron   pipe  A,  rises  in   the   centre  of  a 

large  brick  shaft  B,  witli  which  the  difTerent  rooms 

of  the  building  connect.     The  radiant  heat  of  this 

iron  flue  heats  the  air  in  the  shaft,  and  tlius  causes 

a  powerful  ascending  current,  which  draws  in  the 

foul  air  from  the  room  at  the  openings  D  and  D; 

while  at  the  same  time  fresh  air  enters  the  room 

from  the  furnace  to  take  the  place  of  that  whicli 

is  thus  remored. 

It  is  evident,  from  what   has  already  been 
stated,  that  a  lump  of  ice  sustained  near  the  top 
of  a  room  would  cause  a  descending  current  of 
air,  and  thus  give  rise  to  a  circulation  in  the  at- 
mosphere of  the  apartment  similar  to  that  pro- 
duced by  a  stove.    This  principle  lias  been  applied 
in  the  construction  of  refrigerators  for  preserving 
food  in  warm  weather.     One  of  these  (Winship's) 
is  represented  in  Figs.  S94  and  895.     The  ice  is 
Bustained  upon  a  shelf  (Z>Z))  in  the  upper  part         rig.  soa. 
of  a  chest,  the  hollow  walls  of  which  are  filled 
with  pulverized  charcoal,  a  very  poor  conductor  of  heat.      The 
air  enters  at  a  register  (C),  and,  coming  in  contact  with  the 
ice,  is  cooled  and  falls  to  the  bottom  of  the  chest,  where  it  finds 


egnes  at  E  between  the  hollow  walls,  and  finally  escapes  at  F, 
Id  this  way  a  gentle  current  of  cold  air  is  steadilr  maintained 
aa  long  as  the  ice  laate. 
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PROBLEMS. 

Expcmtiim  of  Solidi. 

41 1.  A  bar  of  iron  one  metre  long  at  0^  is  heated  lo  15* ;  what  u  tk 
increased  length  of  the  bar  ? 

312.  A  bar  of  railway  iron  is  3.425  osetret  kng  at  20*  ;  what  wonii 
be  ite  length  at  —10*  ? 

313.  In  laying  the  iron  raib  of  a  railroad^  it  ia  neccsaary  to  make  ■ 
allowance  for  the  expansion  of  the  metal  bj  heat  How  moch  aUowancf 
is  necessary  on  a  distance  of  100  kilemetres  ?  How  much  on  a  diiUKff 
of  20  £ngli!«h  miles,  assuming  that  the  road  is  laid  at  a  temperatore  d 
5^,  nnd  that  it  b  liable  to  be  exposed  to  a  temperature  of  2t>^  ? 

314.  The  Ifngth  of  one  of  the  tubes  of  the  Britannia  Bridjre  orertW 
Menai  Strait  is  1,510  feet  \^  inches  at  0^;  what  would  be  its  l«^i|etb  tt 
20*'?     Determine  also  the  difference  of  length  between  — 10®  and  15'. 

315.  A  bar  of  mctul  is  3.930  m.  long  at  0^  and  3.951  m.  long  at  tk 
temperature  of  83'.     Calculate  the  coefficient  of  expansion. 

31 6.  A  bur  7  m.  long  made  of  a  metal  whose  coefficient  of  expaaaoi  ii 
Y^^  increases  in  length  from  the  same  increa<«e  of  temperature  as  aack 
as  a  bar  made  of  another  metal  9  m.  long.  Required  the  coeftdcDt  d 
expansion  of  the  second  metaL 

317.  A  pUitinum  bar  2  m.  in  length  b  divided  at  one  of  its  extmBititt 
into  fourths  of  a  millimetre ;  a  copper  Imr  1.950  m.  long  placed  orer  tW 
first  at  0'  differs  from  it  in  len<^h  0.(»,V)  m.,  or  2<X)  of  lh<?  divi^kwk*  •« 
tlie  phitintim  bur.  Ri*quire<l  the  temfM'niture  of  the  two  ham  at  vbc^ 
the  <iitfon*ii<M.»  wouUl  !m*  e(jiial  to  1*»4  divi>ions  on  tlio  platinum  l»ar. 

318.  A  [M'iMluhiiii  miuie  of  bnis^  vihnit*';*  seconds  at  ^^^  C.  How  nu-i^ 
seconds  wuiiM  ii  Iu*t*  raoh  day  if  the*  trm|M*niiure  were  20^. 

31  IK  It  is  n>quir«'d  to  make*  a  o(>m|)<'ii'»ating  pendulum  of  ft*^\  i>i 
bra****  rods,  whose  ci>i)>taut  ifiijrth  nhall  be  <>.•'><(  ni.  What  di^po^iiHio  mi< 
be  pveii  to  the<o  ro<ls,  and  whut  mu>t  be  their  lengtlis,  in  onitT  to  KitK\ 
the  <*imi|H*n>alion  ? 

;i2n.  A  lim-is  tulK?  is  :).43r,  m-  long  at  20°.     How  bnj:  will  it  \^  at  •'  ' 

3lM.  a  jdate  ot'  >hect-iroii  ha«*  at  0  a  su|>erticial  arva  of  •*#•>»  c  b' 
Hrquin'tl  its  area  at  \'t^. 

*\'1'1.  Tlie  inm  tin*  of  a  wheel  b  1.123  m.  in  diameter  at  a  re^i  brti 
(l.l'<M>-).     What  will  1k»  its  diameter  wlien  eooM  to  10   ? 

.'{2'i.  All  inm  l>all  h:is  a  tliaincter  of  15  c.  m.  at  0'.  What  will  be  it» 
cu!»ie  eoiitents  at  pw»   ? 

.'J2 1.  A  jrla*'*  cylinder  ha*  a  ca|>acitj  of  10<)  c.  m*  at  15\  AVluu  will  be 
its  nipaciiy  at  l.'iO'  ? 

32.*).  With  what  force  does  a  bar  of  copper  expand,  the  arra  of  whoic 
section  etiuaU  1  cTni.*»  if  heated  from  0"*  to  15**? 
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826.  The  specific  gravity  of  a  solid  at  5"^  was  found  to  be  7.788 ;  at 
20^  it  was  found  to  be  7.784.  Required  the  coefficient  of  expansion  of 
the  solid. 

Expansion  of  Liquids, 

827.  The  height  of  the  mercury-column  in  the  tube  A^  Fig.  379,  was 
found  to  be  54  c.  m.  The  difference  of  level  of  the  two  columns  A  and 
B  was  found  by  measurement  to  be  0.972  c.  m.  Required  the  coefficient 
of  absolute  expansion  of  mercury,  knowing  that  the  temperature  A  was  0°, 
and  that  of  B  100\ 

828.  Reduce  the  following  heights  of  the  barometer  observed  at  the 
annexed  temperatures  to  0^ :  — 


1. 

77  c  m. 

1=    20OC. 

5. 

75.85  c.  m. 

t  =»  -130.55  c. 

2. 

74    " 

<«=    IQO. 

6. 

46^    •' 

t  -  1 50 A 

3. 

75    " 

<=.    250. 

7. 

78.65    " 

«=  140.6. 

4. 

73    " 

i  =  -10<». 

8. 

75.21     " 

t «  -120.3. 

Calculate  the  reduced  height,  first,  on  the  assumption  that  the  scale  is  in- 
expansible  ;  secondly,  on  the  assumption  that  the  height  is  measured  with 
a  brass  cathetometer  graduated  at  0^ ;  thirdly,  that  it  is  measured  on  a 
glass  scale  also  graduated  at  0\ 

829.  Reduce  the  following  barometric  observations  made  at  8^  to  the 
temperatures  indicated,  making  the  same  assumptions  as  in  the  last 
problem :  — 


1. 

76.9  c.  m. 

t  =  300. 

4. 

76    c.  m. 

t  =  -IQO. 

2. 

76.8    " 

t  =  290. 

5. 

75.9    " 

t  «    -90. 

3. 

767     " 

t  «  280. 

6. 

75.8    " 

t  =    -80. 

330.  A- glass  cylinder  4  c.  m.  in  diameter  is  filled  at  0^  to  the  height  of 
0.5  m.  with  mercury.  How  high  is  the  centre  of  gravity  at  0^,  and  how 
high  at  30^  over  the  base  of  the  cylinder  ? 

331.  Required  the  volumes  of  the  following  liquids  at  the  temperatures 
indicated,  knowing  that  the  volume  at  0^  is  in  each  case  100  ^m.*  :  — 


Alcohol,      .       .       .    I  =  200. 
Ether.      .        .        .        /  =  150. 


Oil  of  Turpentine,    .    t  =  looo. 
Water,   .        .        .        <  «    50O. 


332.  Prepare  a  table  giving  the  volume  of  water  for  each  ten  degrees 
from  0°  to  100°,  the  volume  at  0^  being  taken  as  unity. 

333.  Construct  the  curves  of  expansion  of  alcohol,  ether,  and  oil  of  tur- 
pentine from  the  equations  on  page  518. 

334.  Construct  a  curve  of  expansion  for  water  corresponding  to  each 
equation  on  page  527. 

335.  A  glass  flask  whose  neck  has  been  drawn  out  to  a  point  contains 
at  0®  1,000  c,m}  of  mercury.  Required  the  weight  of  mercury  which 
will  flow  from  the  flask  if  its  temperature  is  raised  to  100^. 

46* 
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33r>.  A  weight  thermometer,  Fig.  380,  contaioed  254.S6S  gnnmm  </ 
men*iiry  at  0^  ;  when  heated  to  100^,  8.8G4  grammes  of  the  menrwr  ff*> 
eaped.  What  i^it  the  apfwrent  coefRcient  of  espan<ioa  of  mtrcarj: 
A^isuming  that  the  coefficient  of  cspansion  of  glaM  U  OjOUUOS,  what  ii 
the  coeflUcient  of  a)>solute  exfwn.Mon  ? 

837.  A  gla*«s  thermometer-tube  was  carefullj  calibrated  and  dhiM 
into  parts  of  equal  ca[>acitj.  The  weight  of  mercury  which  the  bulb  and 
tube  contained  lielow  the  Gth  divittion  on  the  stem,  measunpd  at  ii ,  vai 
found  to  be  20.125  grammes.  AAer  introducing  an  additional  qaantitv  U 
mercury,  which  filled  25  divisions  of  the  stem  at  0  V  this  weight  was  ia> 
crea^etl  to  20.156  grammes.  Substequently,  in  order  to  meafvre  iW 
ap|»arrnt  ex|mn2«ion  of  mercury,  the  two  fixed  points  were  carefuUf  <k* 
tcrmined  on  the  stem.  The  difference  between  the  two  was  Aiuiid  lo  be 
25i>  divisions.  Required  the  coefficients  both  of  alisolate  and  of  apparai 
exiumsion,  using  for  the  coefficient  of  glaiM  the  value  given  in  the  ka 
problem. 

338.  A  spherical  vessel  having  an  internal  diameter  equal  to  two  llMi 
of  a  metre  at  0^,  is  made  of  a  material  whose  coefficient  of  expansioi  u 
equal  to  j^Tj'  Required  the  weight  of  mercury  which  the  vcsael  wiM 
hohl  at  0   and  nt  25^ 

339.  A  cylind<*r  of  brass  immersed  in  water  is  suspended  from  the  fan 
of  a  hydrostatic  balance,  and  counterpoised  at  4^  The  temprratnrc  i* 
then  niise<l  to  9**,  and  it  is  rtMjuired  to  determine  the  weight  nert^Marr  to 
rt»store  the  c<iui!ibrium.  The  circumference  of  the  cylinder  w  *».lii  m.. 
its  h(Mf;ht,  0.V2  tn. 

310.  A  sphrrioal  glass  vessel,  who-e  diameter  i-*  ecpial  to  O.:***  nu  i* 
filh'd  wiili  ini'n'iiry  at  7^*^.  This  mercury  is  turmHl  into  a  qiiuatit'  < 
water  which  half  filU  a  cylindrieal  vessel  0.40  m.  hi;rh  axnl  *'.4«»  3l  -s 
diainei«*r.  Re<juire<l  the  tem)K*nuure  of  the  mixtun%  neglecting  llir  uor 
|H'nUnre  <»f  llie  ;rla-'*. 

311.  Di'tenniiie  the  ctH-'fTicienl  of  ex|Minsion  of  platinum  fn»ni  iK*- !  t- 

lowiii;;  tlata  :  —  •  .«t— 

Wiij*!!!  of  the  pint  in  tint  Jmr,  '.  •• 

"  •*  ];lA*>t  htiltt  uml  platinum  (Mir  <-it«-loTi1.  .         .  Si^ 

"  "  ••  "  «hrn  til UmI  with  mcrra nr  At  O^.  .  3i»" : 

**  "  nu-nnirv  fxinlliil  on  hr.itin^  tlie  tnlw  to  l<>»>®,      .  .  *  ** 

This  pmhletn  can  be  nui^t  rea<lily  solved  by  fir»t  calculalin;:  the  \alu'»  ' 
,   J_  ,   an«l         '"*^,   and  arterwanU  sub-tituling  tluTM*  valm-*  in  [1^ 

Firpitntinn  of  Gusfi, 

312.  To  what  t«'inp4'raliire  nni'.i  an  o|»«»n  ve**el  !»•»  h<^t«'<I  l»rf«*^  00^ 
hair  of  til*'  air  wlii4h  it  cuntain-t  al  U  ii  driven  out  ?  The  pnoMire  u  •*- 
sutned  t«>  l»e  c«»n<itant. 


1.    10     e.  in.*     i/  «  V4  C  m- 

f  «  10<». 

«•     7.5     "        £r«73    " 

1-  12<>. 

8.    10       "        £r«80    " 

i=»  10<». 
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843.  An  open  vessel  is  heated  to  1,000^  What  portion  of  the  air  which 
the  vessel  contained  at  0^  remains  in  it  at  this  temperature  ?  The  pres- 
sure is  assumed  to  be  constant. 

344.  A  closed  gla$«s  vessel,  which  at  0^  was  filled  with  air  having  a 
tension  of  76  cm.,  is  heated  to  500^.  Determine  the  tension  of  the 
heated  air. 

345.  Required  the  temperature  at  which  one  litre  of  air  would  weigh 
one  gpranmie,  the  pressure  being  76  c.  m. 

346.  An  iron  bomb-shell  was  filled  with  nitrogen  gas  at  0%  and  after 
having  been  hermetically  sealed  was  heated  white-hot  (1,300°  C).  Re- 
quired the  tension  of  the  heated  gas. 

347.  Reduce  the  following  volumes  of  gas,  measured  at  the  tempera- 
tares  and  pressures  annexed,  to  0°  and  76  c.  m. :  — 

4.  12  ^TS.'    //  =  38  c.  m.     I  —    MP. 

5.  11     "        i/=50     "         I—    20*». 

6.  9     "        //  =  60    "         <  =  -10=. 

348.  It  is  required  to  determine  the  temperature  to  which  an  air-ther- 
mometer was  exposed  from  the  following  data :  — 

Weight  of  the  glass  thermometer, ir     «    25.364  grammes. 

"         "     thermometer  filled  with  mercnry  at  0<>,    .  IT'   =  705.164      " 

"         "  "  partially  filled  with  mercury  at  oo,  W    =251.964      " 

Height  of  the  barometer  reduced  to  0^,  .        .        .        .  /T'o  «    75.64    c.  m. 

"         "      mercury-colamn  in  thermometer,  .        .        .  Ao     »    IS  54       " 

"         "      barometer  at  the  time  of  closing  thermometer,  //o  b    76.22      " 

Ans.  232=^.7. 

349.  It  is  required  to  determine  the  temperature  to  which  the  air-ther- 
mometer of  Fig.  273  was  exposed  from  the  following  data :  — 

Height  of  barometer  at  the  moment  of  observing  the  temperature,    i/'o  =  76.22  c-  m. 

**  "  "  "  measuring  difference  of  level,  i^o  =76.54  " 
Difference  of  level  as  measured  by  a  cathetometer,  .  .  .  Ao  =  40.34  " 
Volume  of  the  air-thermometer  at  O*', V     =  254    c7m.' 

**  "      manometer-tube  between  /  and  a,  .        .        .    r      =    20       " 

Temperature  of  the  manometer, t      ^    \(P. 

Ans.  265^ 

350.  It  is  required  to  determine  the  volume  of  the  air-thermometer 

from  the  following  data :  — 

Weight  of  mercury  above  mark  a,        ....      81 .600  grammes. 

"  "        between  a  and  ^,        .        .        .  272.000        " 

Height  of  barometer, 76        cm. 

Difference  of  level  of  the  two  columns,     .        .  89.4        " 

351.  A  glass  tube,  the  area  of  whose  section  is  y^^y  of  a  square  cen- 
timetre, is  connected,  as  in  Fig.  355,  with  a  glass  bulb  whose  capacity 
equals  0.75  ^Tm.*  At  the  temperature  of  — 40^  and  under  a  pressure  of 
76  c  m.  the  small  thread  of  liquid.  A,  stands  at  the  lowest  part  of  the 
tube.  It  is  required  to  determine  how  long  the  tube  must  be,  in  order 
that  we  maj  measure  with  the  instrument  a  temperature  of  120^. 
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CHANGE  OF  STATE  OF  BODIVB. 

1.  Solids  to  Liquids. 

(269.)  Meltinff-Poini.  —  If  we  heat  a  solid,  the  first  eflieet  of 
heat  is,  as  wo  have  seen,  to  expand  it ;  the  second  eflect  is  lo 
change  its  mechanical  condition,  —  to  melt  it.  The  tempcrmntre 
at  which  solids  melt  difTers  very  g^atly  for  diflcrent  substaooo ; 
but  it  is  always  constant  for  the  same  substance.  Moreover,  the 
temperature  remains  absolutely  constant  during  the  whole  period 
of  melting.    This  temperature  is  termed  the  meliing^poimi. 


MMni^PiHnU. 

Mercury  . 

.    — 39* 

Sulphur     •         •         .         . 

lOf 

Oil  of  Turpentine 

—10 

Alloy  (l  Tin,  1  BiMBoth)   . 

141 

Ice 

0 

*"      (9Tm,thtmA)    . 

IC 

Lard   .... 

+33 

**     (S  Tin,  I  BiHDtth)  . 

W 

Pho!^phoru9 

43 

Tin 

t» 

Spermaceti 

.     49 

Bismuth 

r^ 

Pota<^sium 

58 

Lead          .         .         .        . 

m 

Wax  (not  bleached) 

.     Gl 

Zmc       •         •         .         • 

zm 

Stearic  Acid     . 

70 

Antimony 

4» 

S<Mlium 

.     90 

Silver,  fiure,   . 

W 

Fujiible  metal  (5  Pb,  3  Sn, 

BBi)  \00 

"^      alloyed  with  ^  gold. 

iim 

Lxiine 

.  107 

C270.)  Mtrcous  Fusion.  —  Most  solids,  when  heated  to  th^r 
nn'ltiii|r-iM)iiit,  chanpo  at  once  into  i>orfect  liquids ;  hut  *«»id'\ 
surli  as  platinum*  iron«  ^lass«  phos|)horic  acid,  tlie  re?(in5,  wax.  uvl 
many  otlirrs,  pass  tlirx»u^h  an  intornuMliatc  pa.*»ty  condition  U»f«»re 
they  attain  complotc  fluidity.  In  such  oases  the  nioltins**|MHnt  i» 
not  fix4Ml.  although,  so  far  as  we  can  jud^\  a  defmitt^  tiMn|»*rv 
tun*  eorres|M»n«ls  to  each  stap»  of  the  clumps.  The  term  riir^tms 
fiisutn  has  Uvn  apfilieil  to  this  ^nuluul  chan^  of  state,  l>ecatt*e 
it  In  a  cliarafteristic  projMTty  of  all  vitn*<)us  sul>stanccs;  and  il  i* 
wh«*n  ill  this  inttTiurdiate  {i;isty  ^tato  that  glass  is  worked  aaJ 
ipMi  or  platinum  forpMl. 

(  271. )  Fnt'ziniZ'htint.  —  If  a  substance  in  the  liquid  form  is 
(mmiI.mI  Im'Iow  tlie  tenijM'niture  at  which  it  melt*,  it  again  become* 
snljil.  and  a«t  a  pMx^rul  rule  the  fn^ezing-{K>int  is  the  siame  &«  thf 
ni**ltinLr'|K>int.     But  in  many  cases  wo  can  cool  a  liquid  tereril 
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degrees  below  its  melting-point  without  its  solidifying ;  thus,  by 
keeping  water  perfectly  still,  we  can  succeed  in  cooling  it  to 
— 15*,  or  even  to  — 17®,  before  it  freezes.  If,  however,  when  in 
this  condition,  we  drop  into  the  water  an  angular  body,  like  a 
piece  of  sand,  or  gently  jolt  the  vessel  containing  it,  congelation 
begins  at  once,  and  the  temperature  suddenly  rises  to  O"*.  It  has 
already  been  stated  (258)  that  water  continues  to  expand  when 
cooled  below  0®,  while  ice  under  the  same  circumstances  con- 
tracts.    Despretz  has  followed  its  expansion  to  — 20*. 

This  singular  phenomenon  seems  to  be  caused  by  the  inertia 
of  the  particles  of  the  liquid,  and  is  exhibited  to  a  still  greater 
degree  in  viscid  liquids,  like  the  fats,  where,  on  account  of  the 
imperfect  fluidity,  the  inertia  is  greater.  Such  liquids  uniformly 
do  not  begin  to  freeze  until  they  are  cooled  several  degrees  below 
the  melting-point ;  but  as  soon  as  the  change  conuncnces,  the 
temperature  at  once  rises  to  this  point. 

It  has  been  noticed  that  the  phenomenon  just  described  is  most 
readily  produced  when  the  liquid  is  enclosed  in  a  capillary  tube, 
and  this  circumstance  has  been  thought  to  explain  the  fact  that 
plants  and  many  of  the  lower  animals  frequently  seem  to  resist  the 
action  of  frost  without  any  apparently  adequate  protection  ;  for, 
as  is  well  known,  their  liquid  juices  circulate  through  exceedingly 
minute  capillary  vessels. 

(272.)  Effect  of  Salts  on  the  Freezing-Point  of  Water.  — 1l\\q 
freezing-point  of  water  is  depressed  by  the  presence  of  salts  in 
solution.  Thus  sea-water  freezes  at  about  —3®,  and  a  saturated 
solution  of  common  salt  must  be  cooled  as  low  as  — 20**  before 
freezing.  The  freezing-points  of  various  saline  solutions  at  dif- 
ferent degrees  of  concentration  have  been  given  by  Despretz  in  a 
memoir  already  referred  to  (258).  In  all  these  cases  pure  ice  is 
formed  by  the  freezing,  and  a  more  saturated  solution  of  the  salt 
is  left.  The  change  may  in  fact  be  regarded  as  a  process  of  crys- 
tallization, in  which  the  water  crystallizes  out,  leaWng  the  salt 
behind.  In  like  manner,  alcohol,  which  when  mixed  with  water 
very  greatly  reduces  the  freezing-point,  is  entirely  eliminated 
from  it  in  the  process  of  freezing.  Hence  weak  alcoholic  liquids 
like  wine  or  beer  may  be  concentrated  by  exposing  them  to  cold 
and  removing  the  layers  of  ice  as  they  form. 

To  the  same  class  of  phenomena  belongs  the  fact,  that  the 
melting-point  of  several  alloys  is  lower  than  that  of  either  of  the 
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metals  of  wliicli  thcj  cousisi.  The  most  remarkable  example  of 
this  kind  is  Rosens  fusiblo  metal,  consisting  of  two  ports  UfmntlL 
one  part  tin,  and  one  part  load,  which  melts  between  ftS*  ud 
98**,  although  the  melting-points  of  its  constituents  are  all  be^ 
tween  285^  and  884^  Tho  following  table,  which  gires  the  meb- 
ing-points  of  several  alloys  of  tin  and  lead,  furnishes  aaolber 
example  of  the  same  fact.  The  lowest  melting-point  cam^ 
spends  to  an  alloy  of  three  equivalents  of  tin  and  one  eqnivakBt 
of  lead.  Com[)ounds  of  two  equivalents  of  sulphur  and  thrae 
equivalents  of  phosphorus,  of  two  equivalents  of  bismolii  and 
three  equivalents  of  tin,  show  similar  relations. 


Tin. 

hmd. 

100 

0 

73.7 

26.3 

6D.3 

30.7 

63.0 

37.0 

53.2 

46.8 

86.2 

63.8 

15.9 

84.1 

0 

100 

23^ 
194 
189 
186 
196 
241 
289 
334 

(273.)  Effect  of  Pressure  on  the  Meltings Poimi.  —  i^'ini^  tk^ 
eflRrt  of  an  external  pressure  must  Ik)  to  resist  the  ex|i4ii*iT^ 
force  of  hoat,  we  mijrht  naturally  ex|>cct  that  it  would  u*iv\  t 
raise  lh«»  nielting-jK)int.  That  this  is  indtH.Ml  the  fart  U  *h'»*:'. 
by  the  followinjr  tal>le,  which  jrives  the  results  of  ex{«.*nm»-'J:^ 
made  by  Mr.  Hopkins*  on  this  suhjtH,'t. 


Fi^nrure  in 

Pp<>niuMnKi. 

M«IUiic>  Point. 
Wai.                 I>ttlpli«r 

N-rt- 

1 

5f.l 

C4J 

I07I2 

c:.i 

5  JO 

CA).0 

71.7 

135.2 

O^J 

7l»:i 

80.2 

80.2 

14H.5 

7XS 

On  tlic  oth«T  hanti,  it  has  Uhmi  shown  hy  Pn»fesM>r  Th«»m{i^w 
that  tht'  ftV'M't  of  pp'vvun*  on  water  is  exactly  o[>|»«i>ite  to  tl»^ 
ju'-t  ilfNirilMMl.  1|«*  foumi  that  a  |»res>un.»  <»f  8.1  and  1»>.>  atni*^ 
|ih«*r«-»»  ran>«M|  a  clfprrvsjon  of  th«»  fri^*/.inj»-|K>inl  of  0*.<k."»l«  ii.4 
<»  .121*.      Ihit  it  will  U'  shown  in  the  next  Mvtion,  that,  whil*M*V 
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Tolame  of  the  substances  on  which  Mr.  Hopkins  experimented  in- 
creases by  melting,  that  of  water  diminishes.  We  sliould,  there- 
fore, expect  an  opposite  result  in  the  two  cases  ;  in  fact,  not 
only  the  general  effect  of  the  pressure,  but  also  the  amount  to 
which  the  melting-point  of  ice  is  depressed  by  it,  are  in  accord- 
ance with  the  theory.  Indeed,  the  phenomenon  was  predicted  by 
Professor  Thompson*  on  purely  theoretical  grounds,  and  the 
experimental  results  since  obtained  have  agreed  very  closely  with 
liis  predictions. 

(274.)    Change  of  Volume.  —  At   the   moment   of   melting 
there  is  a  sudden  change  of  volume,  which  is  usually  an  ex- 
pansion ;  but  in  the  case  of  water  and  a  few  metals  the  effect 
is  a  condensation.     Tliis  subject  has  been  carefully  investigated 
by  Kopp,t   who  used  in   his   experiments   the  simple  a])para- 
tus   represented   in   Fig.  396.     The   small    test-tube 
a  a,  containing  the  substance  to  be   examined,  was 
placed  within  a  somewhat  larger  tube  of  the  same 
shape  ;  and  this,  having  been  filled  with  water  or  some 
other  suitable  liquid,  was  closed  by  a  cork  provided 
with  a  capillary  glass  tube  divided  into  parts  of  equal 
capacity.      It  is  evident  that  any  change  of  volume 
of  the  solid  in   tlie  tube  a  a  could   be  measured  by 
the  rise  or  fall  of  the  enclosed  liquid  in  the  capillary 
tube.     In  practice,  the  apparatus  was  heated  at  the 
side  of  a  thermometer  in  an  oil-bath,  so  arranged  that 
tlie  temperature  could  be  kept  constant  for  a  few  min- 
utes at  any  i>oiut,  and  at  each  stationary  point  the 
temperature  and  the  height  of  the  liquid  in  the  capil- 
lary tube  were  observed.     The  weight  of  the  substance 
and  of  the  liquid  used  (commonly  water)  having  been 
previously  determined,  and  the  rate  of  expansion  of 
glass  and  of  the  liquid  being  known,  and  also  the  vol- 
ume of  the  tube  between  any  two  divisions,  it  was 
easy  to  calculate  the  volume  of  the  substance  at  eacli       pig  390. 
observed  temperature,  and  of  course  to  measure  the 
change  of  volume  which  took  place  at  melting.      Some  of  the 
results  obtained   by  Kopp   are   represented   in   Figs.   3D7,  3*J8, 
899,  and  400.     Here,  as  in  Figs.  381  and  38G,  the  abscissas  of 


♦  Philosophical  Miigazinc,  1850,  Vol.  XXXVII.  p  123. 
t  Annalcn  dcr  Cbcmic  und  Pharmncie,  Band  XCIIl.  s.  9. 
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ihc  ciirvcii  iiidicnto  degrees  of  temperature,  and  the  onlinUi 
corresponding  volumes  of  the  substance,  tlie  Tolumo  at  if 
takeu  as  unit}'.     Solid  phosphorus  (Fig.  S97},  it  will  bo 


n|||r  I 


i.' 

1             ^T 

ii|.a«T. 


n«.aa 


<>xpatids  Tcry  regularly,  like  other  solids,  until  it  roachet  44',  iti 
mcltiiig-[)otnt,  wlicu  n  sudden  expansion,  amounting  to  aboat 
0.03o  of  the  original  volume,  takes  place.  After  melting,  the 
expansion  continues,  with  tolerable  regularity,  as  before.  Icv.oa 
tlie  other  hand  (Fig-  ^' ''').  vhioh,  m  long  as  it  n^main!<  sotH.  i* 
e\[iiuided  by  liont,  suddunly  coiilntoLs  in  melting,  —  the  cmi- 
tnietion  amuuiiting  to  about  D.l  of  the  volume  of  the  nter  at 
0°.  After  melting,  the  vatn- 
cxgiandM  according  to  thf 
laws  before  vtatttl,  but  thf 
toUil  amount  of  <>\|iiii*i<xi 
bi'iMivii  the  fr»>'7iin;  la-l 
boiliiifr  points  is  l.-s  lUn 
Otif  half  an  gn-at  as  ih--  '-i-;.- 
triictioii  in  nii-liiiig.  ll''i.'' 
iru  will  float  iin  wat.T.  ••»■;! 
when  at  lh<-  U>iliu:.|»i:.: 
Thi-  p\]lftn^i••n  i>f  »;it.T  ii 
fni-nnjr  tukt>!>  plao*  »ith  r- 
n->i^liMf  fimv.  Tbirk  l^:1 
ImmlK^hflN  Imv..  l«-n  l.„r-! 
by  i'X|M>sing  tln-ni  to  gn-il 
wiitiT  mill  liL'htly  jiliigp-d, 
jiaii'^i'in  of  wax  ulnle  melting  in  MHrn  hj 
*.  .^iiii-i'  witx  docN  not  change  HudilvnlT  tni» 
iliiLtti  paetT  conditMm,  v^ 
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idicates,  the  expanBion  is  very  rapid  during  the  melting, 
tly  more  rapid  tlian  the  expansion  above  64°,  tlie  point 
li  the  wax  becomes  perfectly  liqnid. 
100  represents  the  curve  of  Btearine,  which  is  exceedingly 
IX.     The  substance 

&ct  two  mctting- 
It  melts  first  at 
1  this  change  is  at- 
with  a  Euddon  con- 
)Q.  But  as  the  tern 
e  rises  higher,  the 
ce    again  thickens, 

undoubtedly   to    a 

in  its  molecular 
m  ;  and  this  new 
)n  of  stcarine  melts 

when  the  change 
idcd  with  a  sudden 
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les  water,  the  only  substances  known  to  expand  in  so- 
;,  which  do  not  contain  water  as  a  chief  constituent,  arc 
n,  bismuth,  aiitimoiiy,  and  a  few  alloys,  such  as  typo- 
brass,  and  bronze.  These  metals  and  alloys  all  give 
:asts,  because  the  expansion,  which  takes  place  when 
al  sets,  forces  it  into  the  minute  cavities  of  the  mould  ; 

this  fact  depend  many  of  their  useful  applicatious  iu 
g- 

.}  The  melting  of  solids,  like  their  expansion,  may  bo 
ed  by  the  expansive  force  exerted  by  heat.  When  this 
ve  force  becomes  equal  to  the  cohesive  force,  we  evi- 
;iave  a  condition  of  matter  in  which  tlie  particles  are  in 

equilibrium  between  two  forces,  and  are  tlicrefore  free 
9  at  the  slightest  impulse  ;  in  a  word,  we  liave  the  condi- 
liquidity.  We  may  define,  then,  a  liquid  as  that  condition 
cr  in  which  the  cohesive  force  is  balanced  by  the  expan- 
ce  of  heat.  With  a  few  exceptions,  all  solids  wliich  can 
le  requisite  change  of  temperature  without  undergoing 
il  change,  may  be  melted.  Many  substances  whicli  are 
ly  regarded  as  infutsible  —  such,  for  example,  as  platinum, 
id  siliceous  mineral  —  readily  melt  before  tlic  com{>ound 
47 
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blowpipe,  or  between  the  poles  or  a  powerful  galratiic  l«tim 
Curliou  is,  indeed,  alniont  the  only  8ul>8tance  wliicli  lias  !»•( 
yielded  to  tliese  high  teiu|)eratures ;  and  it  is  pn>bul>lc  Uiat  «!%eL 
this  will  be  melted  when  the  means  of  obtaining  ^ti^  hiirfit^r  Vem- 
pi»rutures  .shall  l»e  di>c«)vered.*  There  are,  however,  a  fn»: 
number  of  substanees,  especially  organic  com|MMiud»,  wbkb 
cannot  be  melted,  because  Uioy  are  decomposed  by  Uie  actM 
of  heat.  Thus  wood,  when  hcatod,  is  decompuMHl  iulo  ovruiu 
gases  and  acid  vapors,  which  escape,  and  into  cariiDn,  which  l« 
left  behind.  In  like  manner  carbonate  of  lime  (ciialk),  when 
heated,  is  decomposed  into  carbonic  acid  gas  and  lime  at  a  tem- 
perature below  its  |K)int  of  fusion.  If,  however,  wo  prevcut  iImt 
gas  from  escaping,  by  confining  the  carlxjuate  of  lime  in  a  guu- 
barrel  hermetically  closed,  it  can  be  melted  in  a  furnace  fin*. 

As,  with  very  few  exceptions,  all  solids  may  lie  mclti^l.  «** 
have  every  reason  to  infer  that  all  liquids  might  lie  fnizen  if  * 
suflicient  degree  of  cold  could  be  attained.  There  are,  hi>wov«r. 
seveinil  liquids  which  have  nover  yet  been  frozen.  Suth.  f-r 
example,  are  sulphide  of  carl>on,  alcohol,  and  several  otWn*  •' 
organic  origin  ;  l>ut  even  alcohol  lHM!omes  vcrj*  thick  and  OiN 
wIhmi  ex|H)S4ul  to  the  intense  cold  produced  by  a  mixture  of  »vLi 
carlMiiiic  acid  and  ether. 

(:iT«». )  Detvrmination  of  the  Meltin^'Point.  —  The  nivliii*:- 
|M>iiit  is  ail  ini|)ortaiit  physical  pn>|KTty  of  a  &u)>>taiio\  uii<i  u 
ch«'nii>t  has  rrtM|UiMit  <M*i*asioii  to  dt'trrniine  it.  Tlif  ^iiiiji'-' 
UK'tliod  is  to  heat  tin*  solid  in  a  conv(.'uifnt  ve>^*l  until  it  r*^*..* 
t4)  iii(*lt,  and  thoh  tt"»t  tho  t('in)M'ratiin*  witli  a  thrrni«»ni»*t«'r  u  *  ■•" 
it  is  fully  iiicIiimI.  It  is  aluavs  Wfll,  iio\v»»v»T.  aUn  t<i  nit-r'^'  :  ■• 
(vxprriiiHMit,  and,  Ity  r«N)linir  down  the  liipiid,  to>t  (Ik*  ti*ni)"-r4Ur 
while  It  i>  five/inir.  Hut  if  there  is  u  <litrereiioc  U-iuf-n  :.n-  i* 
teni{»eratnri'^,  the  nielting-(H)int  shoultl  In*  taken  as  the  pli%*:— 
c'oii'^lant  rather  than  the  fn*e/.inir-|»oinl,  for  the  roaM»n>  alrv^. 
>tale<l  (  :JTI  ). 

The  apparatus*  re|»res«»nt4*d  in  Fiir.  4*M  will  In»  fn^ipifntlv  f.'u:. : 
\«'rv  enn\eni<*nt  for  deterniininir  tin*  nieltiin;  <ir  In^i'/ini;  \»\\u\  ■ 
many  np^aiii**   sul»stai s,  e^ptvially  wlifii  only  a  >niall  ipu:/.  •• 

*  \V<\\  ^illiin.in  Nii'l  U* "pp'ti  h:i«i'  ii^(aini«l  rvjilrtiiv  iif  th<*  |«nud  fW*i«<n  •^i  •  «• 
till/  »iiiiu  ••!  t  .»r'-m.  ^h«n  •  nj-i-m-iI  to  tfn'  mtimi  nf  ii  l'^aU.uiu-  Jiatlrrv  of  ^rr»l  in>*''  ■' 
K<ir  .\  >\'  >.n|itiiiii  <•('  ()>■'  )M-«t   fii«nn.  i>f  pnHlu«'iiij   inti-nHT  fiimanr  hcAl.  t*  %  rtvTu  c 
\,\   |)  \.:ii.  Aiih.il« -»  iK- <"liimi  •  •  I  il»*  riiVM<|iir.  .V  S'rif,  Tom    XLVI    p   IM 
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is  available  for  the  experiment.  It  consists  of  a  water  or  oil  batli, 
made  wJtli  two  beaker  glasses  (one  supported  Titbtii  tbo  other,  &9 
represented  in  the  figure),  so  that  the  conduction  of  heat  from  the 
lamp  to  tbo  inner  vessel  may  be  as  uni- 
form as  possible.  A  thermometer  in  the 
inner  glass  gives  tlie  temperature  of  tlic 
bath  Bt  each  instant,  and  the  substance 
under  experiment,  enclosed  in  a  capilla- 
ry glass  tube,  is  iomiersed  in  the  batb  at 
the  side  of  the  thermometer.  By  slowly 
beating  and  then  cooling  the  bath,  it  is 
easy  to  catcli  the  exact  point  at  which 
tlie  solid  melts  and  the  liquid  again 
freezes  ;  and  the  experiment  cau  read- 
ily be  repeated  a  great  number  of  times. 

(277.)  Heat  of  Fvsum.  —  It  has  al- 
ready been  stated,  tliat  while  a  solid 
is  melting  the  temperature  remains  the 
same.  This  fact  can  be  easily  verified 
by  watching  a  thermometer  immersed  in  a  tumbler  filled  with 
melting  ice,  when  it  will  be  found  tliat  the  tliermomctcr  will 
stand  at  0°  until  the  whole  of  the  ice  has  disappeared.  During 
all  this  time,  which  may  be  several  hours,  heat  lias  been  continu- 
ally entering  the  water  from  the  air,  and  the  question  naturally 
arises,  W)mt  has  become  of  this  heat?  Tlio  answer  is,  that  it 
has  been  used  up  in  melting  tlic  Ice. 

lu  order  to  study  this  phenomenon  more  closely,  let  us  take 
two  vessels,  the  first  containing  one  kilogramme  of  ico-cold  water, 
and  the  second,  one  kilogramme  of  coarsely  pulverized  ice.  A 
thermometer  placed  in  each  vessel  will  indicate  that  both  the 
ice  and  the  water  liave  exactly  the  same  temperature,  viz.  0°. 
Let  us  now  expose  both  to  such  a  source  of  heat,  that  tlie  samo 
amount  of  heat  must  enter  each  vessel  during  the  samo  time. 
It  will  be  found  tliat  the  thermometer  in  the  first  will  remain 
stationary  while  the  ice  is  melting  ;  but  tlie  thermometer  in  tlio 
second  will  gradually  rise.  If  at  the  moment  the  last  particle  of 
ice  has  melted  we  examine  the  two  tliermomctcrs,  we  shall  find 
that  the  one  in  the  first  vessel  marks  still  0°,  while  that  in  the 
second  has  risen  to  79°.  From  the  definition  of  the  unit  of  heat 
(231),  it  follows  that  79  units  of  boat  must       e  entered  botli 


656  CHEMICAL  PHYSICS. 

vessels.  This  heat  has  not  raised  the  temperature  of  the  fifil, 
because  it  has  all  been  consumed  in  melting  the  ice.  The  ditkt' 
encc,  then,  between  one  kilogramme  of  ice  at  0*  and  one  kik>> 
gramme  of  water  at  the  same  temperature  is  79  unitu  of  heat. 

The  same  truth  mavl>e  illustrated  in  another  war.  If  we  tak? 
one  kilogramme  of  water  at  71f ,  and  one  kiU^grainme  of  i^^e  at  o\ 
and  mix  the  two  together,  we  shall  find,  on  testing  the  water  with 
a  thermometer  after  tlie  ice  has  melted,  that  its  tem|ierature  i»  0*. 
What  then  has  become  of  the  79  units  of  heat  that  tlie  kik^ 
gramme  of  water  contained  ?  It  is  evident  that  thoy  have  difttf^ 
peared  in  the  melting  of  the  ice.  What  is  true  of  ico  and  water 
is  also  true  of  otlier  substances.  All  solids,  in  melting.  alw>rb  a 
large  amount  of  heat,  without  any  corrcs{)onding  change  of  t4*tii- 
perature.  The  heat  which  is  thus  al>sorl)ed  is  sometimt^  called 
the  heat  of  fusion^  but  more  frequently  tlie  laieiti  krai  of  tlwr 
liquid,  because  it  is  not  sensible  to  the  thermometer.  Tlie  beat 
of  fusiou  of  a  few  solids  is  given  in  tlie  following  table :  — 


Ice,      .        •        •        .        . 
Phosphorus, 

Sulphur,       .... 
Li'ad,        .... 
Bismuth,       .... 
Tin,  .... 

Silver,  .... 

Zinc,         .... 

The  prinrijiK?  uiidiT  dis<'ii>si<)n  is  well  illustrate<l  by  iho  n> 
calh'il /rf'eziMi>^  mi.tiuns.  Th<?  most  common  of  tli«»M»  i>  a  mil- 
tun*  ofequul  pans  of  ^now  or  |»ounded  ice  and  salt,  whi»*h  pn»- 
ducos  a  d«*«rn*o  of  rold  of  uImiuI  — 1«»^.  The  siilt  cans***  Iho  io*  t«» 
in«'ll  and  (In*  watiT  di>*»nlvr»4  tho  halt,  so  lliat  l»oth  lH»f«iiin»  litjnM. 
and  in  cofi*»«Mnn'nc(»  a  lar^r**  amount  of  licat  is  al»s«irU»d.  Thi* 
inixtun*  is  ummI,  as  is  wt'll  known,  for  fn»ezing  ic«M»n*ani*.  A 
inin-li  inoro  jMiwrrful  fn'oziiii:  mixture  is  forun»<l  by  mixing; 
to'/rtlnT  tliror  jMirts  of  cry*talli7.cd  clib)ride  of  calcium,  pn*n- 
ou'-ly  i'iM)bM|  to  0',  and  two  parts  of  snow.  A  degn^*  of  oJJ 
may  Im»  thus  produc^'d  o.jual  to  — l/i",  and  sufficient  to  frvfW 
m«Trurv. 

The  solution  of  mo«*t  salts  in  water  is  attended  with  the  ab- 
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sorption  of  heat,  because  tlie  salt,  in  dissolving,  changes  from  a 
solid  to  a  liquid  condition.  Nitre,  for  example,  cools  the  vater 
in  which  it  is  dissolved  eight  or  ten  degrees.  One  part  of  chlo- 
ride of  potassium  dissolved  in  four  parts  of  vater  idso  cools  the 
vater  about  the  same  amount.  The  depression  of  temperature 
is  frequently  more  considerable  Then  we  dissolve  tlie  salt  in  an 
acid  liquid  instead  of  pure  water.  A  very  convenient  method  of 
freezing  water  without  the  use  of  ice  consists  in  mixing  ti^ther 
finely  pulverized  Glauber's  salt  and  the  common  muriatic  acid 
of  commerce.  The  salt  dissolves  to  a  greater  extent  in  the  acid 
than  in  water,  and  a  depression  of  temperature  results  which 
may  amount  to  28°.  An  apparatus  (Fig.  402)  is  constructed  at 
Paris  for  freezing  water  by  this  process,  and  it  is  found  to  require 


about  six  kilogrammes  of  Glauber's  salt  and  five  kilc^rammes 
of  muriatic  acid  to  freeze  five  kilogrammes  of  water.  The  frecz-  • 
lug  mixture  is  placed  in  the  cylindrical  chamber  C,  while  the 
hollow  walls  of  this  chamber,  as  well  as  the  interior  cyUiider  A, 
are  filled  with  the  water  to  be  frozen.  The  crank  at  the  top  of 
the  apparatus  serves  to  turn  the  cylinder  A  and  the  vanes  at- 
tached to  it,  by  wliich  means  the  acid  and  salt  are  kept  constantly 
mixed  and  the  surfaces  of  contact  renewed.  After  the  ice  forms, 
the  freezing  mixture  is  drawn  off  into  the  lower  chamber  F", 
where  it  may  bo  further  used  for  cooling  bottles  of  wine. 
47- 
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As  tlio  change  of  state  from  solid  to  liquid  is  attended  wiih  tkt 
absor[)tion  of  a  definito  ninouiit  of  Iiout,  wo  should  naturallr 
expect  that,  when  the  fluid  changes  liack  again  to  a  solid*  the 
same  amount  of  heat  would  l>e  evolved.  Tliat  thin  is  mdlr  ibe 
case,  may  l>e  proved  hy  revenging  the  experiments  just  dcMrrilcd. 

If  we  take  two  vesHcls,  the  fintt  containing  one  kil«»gnuuiiie  uf 
water  at  79^,  and  the  second,  one  kilogranmie  of  m*ater  al  urro, 
and  expose  them  to  the  air  during  a  cold  winter  day,  to  that 
equal  amounts  of  heat  nliall  escape  from  hoth  during  any  given 
time,  we  shall  find  that  the  temperature  of  the  water  iu  tlie  fir>t 
vessel  will  immediately  fall,  while  that  of  the  water  in  tin*  m^ 
ond  vessel  will  remain  stationary.  In  the  mean  time,  however, 
the  water  in  the  second  vessel  will  begin  to  freeze ;  but  so  long 
as  the  water  remains  liipiid,  the  tem|>erature  will  continiio  »t»- 
tionary  at  zero.  If  at  the  moment  the  last  particle  of  vat«*r  Ins 
frozen,  and  l)efore  the  teni()crature  begins  to  iUl,  we  ol»!<ervo  tbe 
tem|)erature  of  the  water  in  the  first  vessel,  we  shall  find  this 
the  thermometer  stands  exactly  at  zero.  Evidently,  thon.  T^ 
units  of  heat  have  escaped  from  the  water  in  tlie  first  ve%wL 
The  same  amount  also  must  have  escaped  from  the  water  in  t)i« 
second  vessel.  Why,  then,  has  it  not  changed  the  tcmprraturv  .' 
Simply  l>ecause  it  is  the  heat  of  fusion,  which  has  been  given  up 
by  the  wattT  in  clian«riiig  into  ice. 

In  likf  manner,  as  the  solution  of  a  salt  in  water  i*^  attt'iiiM 
witli  al>sor|»tioii  of  lieat,  so  tlie  so(»:iration  of  a  salt  fptm  i> 
state  of  solution  (the  prtMvss  of  crystallization)  is  attcnd«-«i  ^  lii 
cvolutitui  of  heat.  A**  a  ueneral  rule,  however,  the  crv*iu!!.- 
zatiou  is  so  ^li»w,  that  i\\v  ln*:it  esca|)es  as  fast  a^*  it  is  liU'rit-'^i. 
and  tli4Tefore  i\in><  not  raix*  si'Usibly  the  tem|N»rature  of  the  nu** 
We  rail,  hnwe\er,  so  arraiiL'"e  the  ex|H.'rimenl  as  to  niak«*  Jt  ^  '} 
jM^ree|»til»l«'.  We  prepan'  ft»r  this  purfMj>e  a  su|»ersaturutini  *-.li:- 
tiou  of  (Ilauber's  salt,  as  deM-riUMl  in  (ll»><),  and  when  the  -- 
lutioh  i^  eold  make  it  crvstallize  suddt^nlv  hv  uncorktni;  the  tLi«i^ 
Oil  ^r:i^piii;r  the  tla««k  with  the  hand  as  s(m)ii  as  the  cry<«tallizat."<: 
has  In'4mi  r<>iii|il(>ti.Ml,  it  will  Ikj  foun«l  that  its  tem|)t*n&tui>*  !»▲• 
rix'u  vriy  jMTee|»til»ly,  tliu*^  proving  that  crystallizatitm  i*  at- 
t<*n<ied  \\\{\\  lil»<Tati<»n  of  licat. 

An  a  l:i^t  jllu«*tralion  of  th«*  principle  under  discussiim.  we  nuy 
cite  the  wrll-knt»wn  pr«M»«HH  of  slaking  lime  in  the  pr^*|iariiti>.'U 
of  mortar.     If  wo  add  to  one  kilogramme  of  quicklime  one  lulf 
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a  kilogramme  of  water,  the  lime  rapidly  combines  with  the  water 
aiid  falls  into  a  loose  white  powder,  a  portion  of  the  water  at  tlie 
same  time  escaping  as  steam.  The  water  is  thus  changed,  by 
entering  into  combination  with  the  lime,  from  the  liquid  to  the 
solid  state  ;  and,  as  we  might  anticipate,  a  great  amount  of  heat 
is  suddenly  evolved.  The  elevation  of  temperature  which  is 
thus  caused  is  sometimes  sufficiently  liigh  to  inflame  gunpowder. 
The  heat  which  is  liberated  in  this  process  is  not,  however, 
wholly  caused  by  the  solidifying  of  the  water.  A  portion  of  it 
results  from  the  chemical  combination  between  the  lime  and  the 
water,  in  accordance  with  tlie  general  law  that  chemical  combi- 
nations are  attended  with  the  evolution  of  heat. 

The  quantity  of  heat  which  becomes  latent  during  the  fusion 
of  solids  is  ascertained  by  pouring  a  known  weight  of  the  melted 
solid,  at  its  melting-point,  into  a  mass  of  water  whose  weight  and 
temperature  are  known.  The  temperature  of  the  water  will  evi- 
dently be  increased  by  the  addition  of  the  amount  of  heat  which 
the  liquid  gives  out  in  solidifying,  plus  the  amount  which  the 
solid  gives  out  in  cooling  from  the  melting-point  to  the  increased 
temperature  of  the  liquid.  This^  last  quantity  may  be  easily  cal- 
culated when  the  specific  heat  of  the  solid  is  known.  From  the 
increased  temperature  and  weight  of  the  water,  we  can  also  easily 
calculate  the  amount  of  heat  which  the  water  has  gained ;  and  then 
the  difference  between  these  two  quantities  will  be  the  amount  of 
heat  which  the  liquid  gave  out  iu  solidifying, — in  other  words,  the 
haat  of  fusion.     The  method  may  l)e  made  clear  by  an  example. 

In  order  to  determine  the  latent  heat  of  melted  tin,  25 
grammes  of  the  liquid  metal  at  its  melting-point  (238')  were 
poured  into  1,500  grammes  of  water  at  15'.  After  an  equilib- 
rium of  temperature  was  established,  a  thermometer  dipping  in 
the  water  indicated  15**.45.  Hence  it  followed  that  the  water 
had  gained  in  temj)erature  15**.45  —  15'  =  0'.45,  and  must 
therefore  have  absorbed  0.45  X  1.5  =  0.675  units  of  lieat  (231). 
On  the  other  hand,  tlie  tin  had  lost  in  temperature  238'  — 15'.45 
=  222'.55  ;  and,  since  the  specific  heat  of  tin  is  equal  to  0.0562 
(page  466),  it  must  have  given  out,  in  cooling  from  the  melting- 
point  after  solidifying,  222.55  X  0.025  X  0.0562  =  0.313  units  of 
heat.  Subtracting  this  quantity  from  0.675,  we  find  that  the 
amount  of  lieat  given  out,  in  solidifying,  by  25  grammes  of  tin, 
b  equal  to  0.362  units  ;  and  a  simple  calculation  will  show  that 
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ono  kilogrammo  of  tho  melted  metal  would  giro  out,  under  the 
same  circumstances,  14.48  units  of  heat,  —  a  quantilr  which,  bf 
definition,  is  tho  heat  of  fusion  of  the  Kulwtancc.  Tlib  rouU 
corres|K)nds  with  the  num1)er  fpven  in  tho  table  on  |»aM2i^  r*d6. 

A  general  formula  for  such  calculations  may  be  readily  deriT«nL 
Using  the  notation  of  (233),  and  also  representing  tlie  »pra& 
heat  of  the  substance  by  iV,  and  the  required  heat  of  fusioii  If 
X,  we  shall  have 

W  (^  —  0  =  tr  .  N  .  (^T—e)  +  trx; 

that  is,  the  heat  which  the  water  has  gained,  W  (0  — 1\  ii 
equal  to  the  heat  which  the  solid  has  lost  in  cooling  from  it« 
melting-point,  w  .  iV(T — ^),  plus  the  heat  which  the  liqu;! 
lost  in  solidifying,  ta  x.     From  this  equation  we  get  the  value 

X  =  "^  «>-o-^..v.(r-^ .  fi^  J 

Ilere,  as  in  dotermining  the  specific  heat  of  a  substance,  it  b 
necessary  to  take  into  account  (he  heat  ab§orlied  by  ttie  Te«ei  ta 
which  the  experiment  is  conducted,  and  also  tho  heat  loiit  ^ 
radiation  and  from  other  causes.  In  order  to  insure  tliat  rite 
tem|>crature  of  the  liquid  is  ut  its  melting-|>oint  when  {M.iurv«l  in:** 
the  water,  it  is  l>est  to  jwur  it  from  a  vo>>cl  which  still  ci>tjU:&< 
some  of  the  uiimoltod  solid,  since  so  long  as  any  of  llie  >»»i>i 
remains  uiiinfltoil  tho  toni|H.Tature  of  the  mass  is  c«m>tant  ii 
the  mrltiii^-poiiit.  In  other  resjHHts,  tho  ex|>*»riniont  nuj  > 
conducted  prorisoly  as  in  <lt't«Tminine  liio  siRnrific  heat  o(  a  *«> 
stance  by  llie  nn'thtni  uf  mixture  (lioo^,  so  that  further  dvtx.lj 
are  unncct'^^sarv. 

(278. )  Pi-rsonx  Latr.  —  It  has  already  licen  stated  ( '2^V|  >  tfu: 
the  s|M;cific  heat  of  th(3  same  substance  is  greater  in  the  li«|u.i 
than  in  the  solid  state,  and  by  rderring  to  the  table  on  ]Ase  4T,'» 
it  will  Ih'  hmmi  tbat  tbe  ditRMvnce,  which  is  very  ciuiMdemW*  ifi 
the  ca**o  of  n«»n-!notallic  sul>stances,  is  very  slight  in  the  ca*e  ^^f 
m  >taN.  MorcovtT,  it  has  aNo  Ummi  stattHl  that  a  liquid  nuj 
soni'tinn'H  1m»  t-ooltMl  si'vcral  (b'lrrces  U*low  the  mtrmal  frvtziii^ 
point  without  solidifying;  ;  and  it  is  a  |M>«(sible,  although  n<4  » 
probabli*  supposition,  thai  under  certain  einMunstanc^*s  a  Ii')tt)J 
might   be   reduced   to   the  lowest  {possible  teuifieniture  witboat 
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tmdergoing  thiis  change.  Let  us  now  assume  that  at  N  degrees 
below  zero  we  should  reach  the  lowest  possible  temperature,  or 
absolute  zero^  a  condition  in  which  bodies  would  contain  abso- 
lutely no  heat,  and  let  us  suppose  that  we  start  at  this  tempera- 
ture with  one  kilogramme  of  any  given  substance  in  the  solid 
condition,  and  one  kilogramme  of  the  same  substance  in  the 
liquid  condition.  .  Also  let  us  represent  by  C  the  specific  heat 
of  the  liquid,  by  C  the  specific  heat  of  the  solid,  and  by  T"  the 
normal  freezing  or  melting  point  of  the  substance.  If  then  we 
assume  —  as  we  may  without  any  great  probable  error —  that  the 
specific  heat  does  not  vary  between  the  absolute  zero  and  T**,  it 
follows  (232)  that  (iV+  T)  C  units  of  heat  would  be  required 
to  raise  the  temperature  of  the  one  kilogramme  of  the  substance 
in  the  liquid  condition  from  the  absolute  zero  to  the  melting- 
point,  and  that  (iV-(-  T)  C'  units  of  heat  would  be  required  to 
raise  the  temperature  of  the  one  kilogramme  of  the  substance 
in  the  solid  condition  to  the  same  extent.  Furthermore,  it  is 
evident  tliat  the  first  of  these  expressions  represents  the  actual 
quantity  of  heat  which  one  kilogramme  of  the  substance  at  the 
melting-point  contains  in  the  liquid  state ;  and  the  second,  the 
quantity  of  heat  which  one  kilogramme  of  the  same  substance 
contains  at  the  same  temperature  in  the  solid  state.  The  difier- 
enco  between  these  quantities  is,  then,  the  number  of  units  of 
heat  which  would  be  required  to  convert  one  kilogramme  of  the 
substance  at  the  melting-point  from  tlie  solid  to  the  liquid  state; 
or,  in  other  words,  the  heat  of  fusion.  Representing  the  heat  of 
fusion  by  L,  we  have  L  =  (iV-f  T)  C—  (i\r+  T)  C,  which 
may  be  written 

L=(iV^+T)  (C  — C).  [195.] 

If,  then,  the  theory  on  which  this  formula  is  based  is  cor- 
rect, it  follows  that  the  heat  of  fusion  of  a  substance  is  equal  to 
the  difference  in  the  specific  heat  in  the  two  states  of  aggrega- 
tion, multiplied  by  the  number  of  degrees  above  the  absolute 
zero  at  which  the  substance  melts.  By  giving  to  N  the  value 
of  160°,  Person  found  that  the  heat  of  fusion  of  many  non- 
metallic  substances  calculated  by  the  above  formula  agreed  al- 
most precisely  with  the  results  of  direct  experiment,  as  is  shown 
by  the  following  table :  — 
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The  agreement  between  the  obecrved  and  calculated  remits  u 
certainly  remarkably  close,  and  sustains  so  far  the  dici>rT  oo 
which  the  formula  is  based,  and  the  necessary  inference  (torn  \U 
that  the  absolute  zero  is  at  ICO**  l)elow  the  Ceotigrmde  lem 
Whether,  however,  we  accept  the  theory  or  not,  it  is  evident  that 
tiic  formula  [195]  is  the  expression  of  an  empirical  law  with 
which  the  observed  facts  very  closely  agree. 

(279.)  This  law  of  Person,  however,  only  holds  true  in  reeird 
to  non-metallic  sulistances.  In  the  case  of  the  metals,  where  the 
difference  in  the  specific  heat  in  the  two  states  of  aggregmtion  b 
exceedingly  small,  it  entirely  fails.  The  cause  of  this  failoit 
Person  explains  as  follows. 

The  amount  of  lieat  al>sorl)ed  by  a  solid  in  melting  is  not  hAAj 
the  (juaiitity  necessary  to  supply  the  excess  of  specific  heat  in  the 
liquid  over  that  in  the  solid  state  ;  l>ecause,  in  addition,  a  o^ruin 
quantity  of  ln'ut  is  n*<juinMl  to  overcome  the  cohei*ivo  foiw  \t 
which  the  particles  of  tlie  solid  are  held  together  (2T.*>).  In  th** 
case  of  non-metallic  substances,  where  the  tenacity  is  compan- 
tively  sli^lit,  tlit?  quantity  of  heat  required  to  overcome  th«»  ctAt*^ 
sioii  is  so  small  that  it  may  giMienilly  be  neglecttnl :  and  the  h»^s 
absorbiMl  in  fusion  very  nearly  corresponds  to  the  incn»aM»*i  *i»- 
cific  ht»at  in  tlie  liquid  state.  In  the  case  of  the  metaN,  on  l\^ 
contnirv,  th«»  amonnt  of  heat  required  bv  the  increaM*  in  it*' 
s|H?ciric  heat  i^  vn y  small,  and  almost  the  entire  heat  of  fu*^tr. 
i*«  used  iji  oveix'ominj^  the  v«»ry  jrn»at  tenacity  of  these  sul»*tanci^ 
Hence,  Person  arjrues  that  th«»  amounts  of  heat  riNpiirt^d  to  nwU 
one  kiloj^ranune  of  each  of  the  di (TenMU  metals  must  Iw?  pn>f»»r 
tional  to  the  work  to  l>e  done  ;  in  other  words,  to  the  pi>wer  whi<^ 
inu*«t  1m»  \\<ri\  in  overcoming'  the  c<ihesi<ui  U^tween  the  particle 
comjirisrd  in  the  unit  of  wiMjrht.  This  |M)wer  would  lie  meaioir*^ 
by  the  coefficient  of  elasticity,  were  it  not  that  in  determining  thu 
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constant  (101)  we  do  not  have  regard  to  equal  weights.  It  is 
evidentljy  however,  a  function  of  this  coefficient,  and  Pei:8on 

represents  it  by  thtf  expression   JT  (1  -j ^),  in  which  K 

is  the  coefficient  of  elasticity,  and  i  the  specific  gravity  of  the 
metal.  Representing  also  by  K'  the  coefficient  of  elasticity  of 
a  second  metal,  and  by  L  and  L'  the  corresponding  heat  of  fusion, 
we  obtain  the  proportion 

Tliis  formula  is  the  expression  of  a  second  law  which  may  be 
thus  stated  :  The  heat  of  fusion  of  nietals  is  sensibly  propor- 
tional  to  their  coefficients  of  elasticity  corrected  for  the  differ- 
ence of  density. 

If  we  substitute,  in  [196],  for  L',  JT',  and  i',  the  known  values 
for  zinc,  taken  as  a  standard  of  comparison,  we  obtain  for  the 
heat  of  fusion  of  any  other  metal  the  value, 

L  =  0.001669  JT  (l  +  J=)  ;  [197.] 

and  the  heat  of  fusion,  calculated  by  this  formula,  agrees  very 
well  with  the  observed  result.  As  the  value  of  L  [195]  is  based 
on  the  assumption,  that  the  heat  required  to  overcome  the  te- 
nacity of  the  solid  may  be  neglected,  so  [197]  is  founded  on  the 
assimiption  that  the  specific  heat  of  a  metal  is  the  same  in  the 
liquid  as  in  the  solid  state.  Evidently,  however,  the  true  value  of 
L,  in  any  case,  should  include  both  terms,  —  that  depending 
on  the  specific  heat,  as  well  as  that  depending  on  the  tenacity. 
Hence  we  obtain  Person's  general  formula  for  the  heat  of  fusion 
of  all  solids, 

L  =  (160  +  T)  (  C—  C)  +  0.001669  JT  (l  +  -jJ^  .     [198.] 

In  the  case  of  the  metals  the  first  term  may  be  neglected,  and  in 
the  case  of  non-metallic  substances  the  scune  is  true  of  the  sec- 
ond term.  There  are  substances,  however,  for  which  both  terms 
have  definite  values  ;  but  we  liave  not  the  experimental  data  in 
regard  to  them  which  would  enable  us  to  test  the  formula. 
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We  may  then  admit  that  the  heat  of  fusion  coiijitstii  of  twi) 
parts,  one  of  which  is  used  in  overcoming?  the  forre  of  ri>li«^ioiu 
the  other  furnishing  the  additional  spccitio  heat  required  in  the 
liquid  state. 

We  have  l)een  ahle  to  give  in  this  section  only  a  very  imperfect 
ahstract  of  IVrson's  remarkable  investigations  on  llii^  suhj^t, 
and  wo  must  n^for  the  student  for  further  information  to  the 
original  memoii*s.* 

(2H0.)  Absolute  Zero.  —  If  Person's  theory  is  corrf»rt,  iV 
absolute  zero,  as  we  have  seen,  is  situated  lt)0  dejrnv5  below  liv 
Centigra<le  zero.  This  theory  is  not  a  little  c<infirni«Hl  by  i}k» 
remarkable  results  obtained  by  Pouillet,t  with  an  in«tninK!:: 
caHe<l  an  actinometerj  in  regard  to  the  temperatures  of  tlie  ot*l*^ 
tial  s]>ace.  If  we  eliminate  the  effects  of  the  rays  of  the  Mm,  it  is 
evident  that  the  tem|)erature  of  the  space  annmd  the  earth  niu*t 
Ik*  very  near  the  al)soluto  zero ;  for  this  space  is  travenio<l  only  \^ 
the  rays  of  the  stars,  which,  coming  from  such  immense  di^tallcv>^, 
are  exceedingly  frrlile  ;  and  Pouillet  has  concluded^  from  bis 
ex|H'riinents  and  from  various  terrestrial  phenomena,  that  tht« 
t»»miR»rature  must  l>e  U^tween  the  limits  of  — ITo"  and  — 11'**.  tt 
tb»»  same  time  fixing  on  — 142^  as  the  most  pro1»able  value.  t>D 
tht»  otb«»r  band,  CU'nirnt  and  I>os4»rmes  fixt^l  on  — 273*  as  th' 
abvohit*'  ztM'u,  oil  tb«'  trround  that,  since  the  jx*nnan«»nt  sn**"* 
exptind  for  earb  d«'irnM'  of  tenj|M»rature  ^} j  of  ibfir  volum-*  a* 
0\  thi'  amount  of  i-ontraction  wb«»n  ibi*  t«Mn[H.»ratup»  was  nNbi.^iM 
to  — •J'".*i°  wonbi  Im'  «M|nil  in  tb«'  initial  vohun«\  and  tb«'  l^i**** 
\v«»uM  r«'a^o  to  (•\i>t.  Mor.'ov«T,  sini* »  a  iras  b«»:it»»«l  fnni  •** 
to  'JTo"  donl»l>  it<  voliun '.  th«»v  thonirlit  it  evi^lrnt  that  tV' 
«|uantity  of  ln»?it  add^'d  nni^l  !►<•  nuial  to  tbat  c«>ntaint*d  in  t":;** 
primitive  voluni**. 

Kv<Mi  if  inatt'T  can  <»xi<t  without  brat,  wbi<*b  then*  is  uP'at  pv.- 
"-oii  to  doubt,  it  i^  ini|K>^>ibli'  to  pn'dirt  wluit  woubl  U*  it**  Ci»ndit:  '•: 
undrr  vu<b  rin*uni^tan<*«»s.  It  i*^  >u|>|m»mm1  by  soiih\  uli.i  !.-•!: 
tbr  atomic  tlwory.  tbat  tb«*  niob'i*nl«»»i  of  niatttT  would  U'  bnni.**!! 
into  ali^olutf  i'lMitart.  and  tbat  |»lH*ni»ni«*na  of  a  n«*w  and  iri'X- 
|MTt«'d  naturo  would  apjwar.  Tin*  viobMit  explosion  rxfit*nenoM 
by  ('biMiot,  wiiib*  subniittiiiL*'  --ilviT  in    |K)wder  to  a  pn**>"«un*  *•' 
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tliree  hundred  atmospheres  in  an  liydraulic  press,  is  frequently 
cited  in  this  connection.  But  these  are  mere  assumptions, 
for  we  are  as  yet  far  from  liaving  realized  experimentally  an 
absolute  zero  of  heat.  The  lowest  temperature  ever  observed 
in  the  arctic  region  is  — 57®,  and  the  lowest  we  can  artificial- 
ly produce  is  — 140° ;  at  these  temperatures  several  liquids  ^  till 
retain  their  fluid  condition,  which  could  hardly  be  the  case  if 
we  had  removed  the  greater  part  of  the  heat  which  they  con- 
tain. 

Charge  of  State.  —  Liquid.^  to  Gases. 

(281.)  Boiling-Point.  —  It  has  been  shown,  that,  when  a  solid 
is  heated  to  such  a  temperature  that  the  expansive  force  of  heat 
between  its  particles  is  equal  to  the  cohesive  force,. it  melts.  If 
the  liquid  be  now  heated  above  its  melting-point,  the  expansive 
force  will  become  greater  than  th.e  cohesive  force,  and  by  con- 
tinuing to  raise  the  temperature  we  shall  finally  attain  to  a  point 
where  the  excess  of  expansive  force  is  equal  to  the  atmospheric 
pressure.  Then  we  have  the  condition  of  a  gas,  and  a  phe- 
nomenon presents  itself  which  we  term  boiling.  Bubbles  of  gas 
form  beneath  the  surface  of  the  fluid,  and  rise  tumultuously 
tlirough  its  mass. 

This  phenomenon  can  best  be  studied  by  heating  water  in  a 
glass  flask  over  the  flame  of  a  spiritrlamp.  The  first  action  of  the 
heat  is  to  expand  the  portion  of  the  liquid  immediately  in  contact 
with  the  bottom  of  the  vessel,  which,  becoming  specifically  lighter, 
rises  and  gives  place  to  colder  water,  which  is  heated  and  rises  in 
its  turn  ;  and  thus  a  circulation  is  established  by  which  each  par- 
ticle of  liquid  is  brought,  in  its  turn,  in  contact  with  the  heated 
surface.  As  the  temperature  of  the  mass  rises,  the  air  which  is 
dissolved  in  the  water  separates  in  bubbles  on  the  inner  surface 
of  the  flask  (compare  page  396),  and  these,  when  they  have  at- 
tained sufiicient  size,  disengage  themselves  and  escape  througli 
the  liquid.  They  are  followed  by  bubbles  of  steam,  which  form 
on  the  heated  surface  of  the  flask,  where,  in  consequence  of  the 
close  proximity  of  the  source  of  heat,  the  temperature  is  higher 
than  that  of  the  mass  of  the  liquid  ;  but  as  the  bubbles  rise 
through  the  cooler  water  above,  they  are  condensed,  and  the 
shock  produced  by  the  sudden  collapse  gives  rise  to  a  peculiar 
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noiso,  an  instance  of  which  appears  in  the  singing  of  a  tei^eish. 
After  the  whole  mass  of  water  has  been  heated  to  100*,  the  biil^ 
bles  of  steam  are  no  longer  condensed,  but  rise  to  the  saHioe 
and  break,  allowing  the  steam  to  escape ;  and  as  the  tenfkm  of 
tliis  steam  is  ci|iial  to  the  pressure  of  the  air,  it  drives  ool  the 
air  from  the  upi)er  part  of  the  flask,  and  takes  its  place. 

What  is  so  familiar  in  the  case  of  water,  is  equmUj  tme  of 
other  liquids.  There  is  for  each  a  temperature  ai  which  the 
expansive  force  of  heat  becomes  equal  to  the  pressure  of  the 
air,  and  at  which  this  phenomenon  of  Itoiling  invariaUv  appean. 
This  temperature,  which  is  constant  for  the  same  substance  under 
the  same  atmospheric  pressure,  is  called  the  boilini^-paimi.  As 
the  boiling-point  varies  with  the  atmospheric  pressure,  it  b  iieee»- 
sarj,  in  describing  the  boiling-point  of  a  substance,  to  slate  the 
pressiire  undor  which  it  was  observed.  In  the  following  taUe. 
the  boiling-points  of  some  of  the  best-known  liquids  are  given  far 
the  mean  pressure  of  76  cm.:  — 

BoiUng-PoifUs  under  (he  Pressure  of  76  e,  m. 

o  ^    • 

Protoxitle  of  Nitrogen,  .     — 105  r  Alcohol,       .         .         .         .78 

CartHMiic  Aciti,      .         .  — 78  ;  Water,     ,         •         ,  •        W 

CyiUM>jr«n,         .         .  .       —22  Nitric  Aria  (1.42),       .         .     li»^ 

SulpliunHis  Aciil, .         .  — 10  .  Oil  of  Tijqicntino,    .  .         l^T 

Chloride  of  Eth\ks  .  .       +11  Plio<phc»nis  .  .         .     ?> 

C<»iiim(»ii  Kth<*r,     .  .  .      l\')  Sulphuric  Acki  (1.84.'5).  .         3ii 

Sulpliitk*  ot*  Carlxm,  47  i  Mcn-ury,      ....     *-*-• 

Bnuniiu*,      ....        Tj^  Sulphur,  .  .  .         4*' 

Chlon»tonn,       .  .  .  03  j 

The  infhiiMKV  of  pp'^suro  u|K>n  the  iMiilin^-point  of  lit|uiti*(  mij 
1h'  iiluNtrat«Mi  hy  :i  i:n»at  vtin<»ty  of  ex|K»ri!nt»iits.  If  wo  plai-e  i 
^'la>*»  nt*  luk<*\variu  wat«T  u!i<1»t  llu»  nv«uver  «»f  an  air*puinp  an-i 
cxliati^t  tin*  air,  tli<'  water  will  at  once  U^trin  to  Uiil  violcnllr 
The  same  exiHTiineiit  may  Im»  tried  oven  more  sUuplj  in  Uk'  f'4- 
lt»\\  iiiir  wav. 

Take  a  i:la«»s  fla>k,  to  which  a  cork  has  Uvn  can»fullr  fiitcJ. 
fill  it  alNiut  OIK*  half  full  of  water,  and  hi*ut  the  water  to  U»ihu:; 
hy  meaii'*  of  u  hpirit-lamp.  When  the  water  is  lioilinir  ra|»iiiW. 
nii'l  the  upjH'r  jMirt  of  the  fla^k  is  lilleil  with  ^t4'am«  rfmuio  ili*' 
lamp  and  quickly  iiiMTt  the  coik.     If  now  the  Uabk  is  iu^ertied 
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and  cold  water  poured  upon  it,  as  represented  in  Fig.  403,  the 
boiling  will  be  renewed,  and  continue  for  some  time. 

This  apparent  paradox  of  boiling  water  b;  cold  is  thus  ex- 
idained.  The  cold  water  condenses  tlio  steam,  producing  a 
▼acnum  in  the  upper  part  of  the  flask,  and,  the  pressure  of  the 
atmospliere  being  thus  removed,  the  water 
continues  to  boil  at  a  greatlj  diminished 
temperature.  In  tlie  experiment  of  Leslie, 
hereafter  to  be  described,  water  is  made  to 
boil  at  its  freezing-point.  Common  ether 
boils  under  tlie  receiver  of  an  air-pump, 
from  which  the  air  has  been  partially  ex- 
hausted, with  explosive  violence,  even  at 
the  lowest  natural  temperatures.  Hucli 
experiments  as  those  ma;  be  multiplied 
indefiuitely. 

Tho  ordinary  variations  of  atmospheric 
pressure  exort  a  very  sensible  iufluooce  on 
the  boiling-point  of  water.  The  extreme 
heights  of  the  barometer  observed  at  Paris 
fijr  the  last  thirty  years  have  been  71.9  c.  m. 
and  78.1  c.  m.  Under  the  first  pressure, 
water  boils  at  98° .5,  under  tho  second,  at  10(r.S 
boiling-point  is  liable  to  a  variation  of  about  two  decrees  at  that 
place.  Hence  tlie  imi>ortanco  of  regarding  the  height  of  tlie 
barometer  in  determining  tlie  boiling-point  on  the  scale  of  the 
Uiermometer  (218).  Much  greater  variations  in  tlie  boiling- 
point  than  these  arise  from  differences  of  prci-surc  at  different 
elevations  on  the  earth's  surface.  At  the  city  of  Quito,  which  is 
at  an  elevation  of  2,908  metres  above  the  level  of  the  sea,  and 
where  the  mean  barometric  pressure  is  equal  to  52.7  c.  m.,  water 
boils  at  90°.l.  At  the  city  of  Mexico,  at  an  elevation  of  2,277 
metres  and  under  a  pressure  of  57.2  c.  m.,  it  boils  at  92°.3. 
Boiling  water  is  not,  therefore,  equally  hot  at  all  {ilaccs  of  tlie 
earth.  At  high  elevations,  as  at  Quito,  for  example,  its  tempera- 
ture is  much  too  low  fur  cooking  many  Eubstanccs  whicli  cau  be 
cooked  at  one  hundred  degrees. 

It  follows  from  the  facts  already  stated,  that  a  difTcrenco  of 
pressure  of  0.25  c.  m.  vrill  cause  a  difference  in  the  boiling-point 
of  water  of  one  tenth  of  a  degree  ;  so  that  from  the  boiling-point 
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of  water,  determined  witli  accuracy,  we  can  aMerUin  tbe  pn^ 
siirv  of  tlio  atmosplicro  at  tlie  limo.  An  inrtruracnt  has  bma 
cotixtnictod  for  this  purpose,  consisting  essentially  of  a  very  <Mt- 
cato  tliormonieter,  made  with  an  cnlarftcim-nt  ie  iIm 
centre  of  ttie  ftom,  as  reprvi>cntcd  in  Fie.  34H.  lu 
Rcalti  is  liniitL-d  to  (ivo  ur  six  dvgreea  aruuml  tbe 
fn.>uzing-]M>iiit  and  cigtit  or  ten  dtrgroM  armiiid  i!ie 
buiUtig-{>oiiit,  and  caeh  dfgrLSi  is  rubdiridiil  iuin 
one  linndrcd  parts.  Tliis  iuMtruracnt  i»  miu-h  utan 
|M>rtalilo  than  a  Itaromctcr,  hut  on  account  of  th« 
ehifting  of  the  zero  (inint,  to  wliich  ewn  iImj  lumt 
carefully  coiii'tructvd  thumiometors  aiv  liaUe,  il  b 
much  inferior  to  it  in  accuracy.  A  metallic  tomI 
and  a  lamp  fur  boiling  the  water  accompany  tlie  i»- 
strumcnt  (Fig.  404). 

(:!82.)  VariatioHg  of  the  Bmlin^Poimt. — Tha 
hoilin^-jiuiiit  of  liquids  is  influenced  by  otbt.>r  m- 
cumstauces,  whose  action  is  not  mi  readily  explained 
as  that  of  the  atmospheric  pressure.  Thus  a  rob- 
stance  dissolved  in  a  fluid  more  volatile  llian  itidf 
increases  tlio  boiling-jtoint  in  prufiurtiun  to  the 
nninunt  dissolved.  AVator,  for  example,  which  bofli 
''*■*"'  at   lUU"  wlieii   pure.  Iwils  only  ut   a   conndcraUy 

higher  teni)H.-niIiirt;  when  it  contains  Nilt  iu  sohitiun.  viz. :  — 


with  ('<>Mui)..n  Salt, 

-  Xiinite  ..f  I\.ln-k      . 
■•     (  iirlHiiiiiti'  iif  I'i>tiL-li. 

-  Nitnilc  iif  l-imv, 

-  tlil..ri.i.-  ..f  CulHum, 


Mi 


SiiK-liinn'fl,  h'lwi-viT.  lu'hi  ■•imply  in  sii-'pcn>i<in,  like  sliavinc*  of 
wiHxl  or  oiirlhy  )>iirli<'l<«,  dx  nut  alter  the  lMiiliug-|>i)iiit. 

Agiiin.  (lay-l,n>Mio  nh^'rvril  (hut  whIit  UiiUtl  in  a  glaiu*  Tt>SM4 
at  a  lii^li'T  ti'ni|>i'niliii<-  tlinii  in  a  nicliillic  vom-I  ;  and.  uv>re  n>- 
ivnily.  .Miir-'i'l  luis  f^niKli^ht'd.  first,  ihiit  water  Ixiils  in  a  pUi» 
vi-m1  r.iali'ii  with  sni(ihiir  i>r  irnni-hu:  ut  a  ti-ni{a>rulur\>  a  littl* 
I.;-!,  than  in  u  m.-dilli.-  v.^^m'I  ;  s.-i-iiiiiUy.  Ilmt  in  a  plu>!>  vw*tfi  tbr 
lNiiliiig-)>i>itit  of  u'liiiT  i-i  1'  or  I'.'J.')  higher  than  in  a  metallic 
TVN4.>1  ;  thirdly,  tliat  after  sulphuric  acid  haa  been  boiled  in  * 
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glass  flask,  the  boiling-point  is  increased  to  a  much  greater  extent 
than  before,  this  increase  sometimes  amounting  to  five  or  six 
degrees.  By  throwing  into  the  water,  in  either  of  these  cases, 
pieces  of  metal,  the  boiling-point  is  at  once  reduced  to  lOO"*. 
The  same  variation  of  the  boiling-point  in  glass  vessels  takes 
place  with  other  liquids  as  well  as  water,  and  with  some  of  them 
to  a  much  greater  extent.  It  is  only  in  metallic  vessels  that  the 
boiling-point  is  regular. 

It  follows  from  what  has  been  said,  that  in  any  case  the  expan- 
sive force  of  the  vapor  formed  during  boiling  is  equal  to  the 
pressure  to  which  the  liquid  is  exposed,  and  it  is  also  true,  that 
the  temperature  of  the  vapor  is  the  same  as  that  of  the  boiling 
liquid.  Two  thermometers,  the  bulb  of  one  dipping  under  the 
surface  of  a  boiling  liquid,  and  the  other  immersed  in  the  vapor 
just  above  it,  will,  therefore,  always  indicate  the  same  temper- 
ature, unless  the  boiling-point  has  been  unnaturally  increased  by 
one  of  the  causes  just  mentioned. 

(283.)  Determination  of  the  Boiling-Point.  —  The  causes 
mentioned  in  the  last  section,  which  influence  the  temperature 
of  the  boiling  liquid,  do  not  afiect  at  all,  or  aflect  very  slightly, 
the  temperature  of  the  vapor  which  rises  fix>m  it.  This  at  once 
adjusts  itself  to  the  pressure  of  the  atmosphere,  and  is  always 
constant  for  the  same  liquid  under  the  same  pressure.  Hence 
the  temperature  of  the  vapor  is  more 
fixed  than  that  of  the  liquid,  and  it  is 
for  this  reason  that,  in  graduating  a 
mercury-thermometer,  the  tube  is  ex- 
posed to  the  steam  from  boiling  water, 
and  not  dipped  into  the  liquid  itself. 
So  also,  in  determining  the  boiling-point 
of  other  liquids,  it  is  always  best  to 
measure  the  temperature  of  the  vapor, 
and  not  that  of  the  liquid,  taking  care 
that  the  pressure  of  the  atmosphere  is 
transmitted  freely  to  its  surface  while 
boiling.  The  arrangement  represented 
in  Pig.  405  is  very  well  suited  to  this 
purpose,  the  size  of  the  glass  boiler 
being  adapted  to  the  circimistances  of 
the  case.    When  the  liquid  under  experiment  is  very  costly,  all 
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loss  can  be  aroidod  by  connecting  the  exit-tube  with  a  Liefaig^i 

condenser  (see  Fig.  416). 

(284.)  Formation  of  Vapor  of  Low  or  High  Temsiom.  —  Tbe 
vapors  or  gases  which  are  formed  during  the  lK>iliug  of  liquids 
liavo  always  the  same  tension  as  the  atmospheric  air,  and  %rt 
therefore  able  to  retain  their  gaseous  condition  when  ex|ius«.*ii  tj 
its  pressure.  It  is  the  formation  of  vapors  of  thb  kind  that  w* 
have  considercil  in  the  preceding  sections.  Liquids,  howeT«*r. 
yield  vapors  both  of  a  lower  and  of  a  higher  tension  tluui  Uut  y4 
the  atmospliere,  and  we  pn>|K>se  next  to  consider  tlie  oouditiuos 
and  laws  under  which  tliese  are  formed. 

In  order  to  make  the  conditions  as  simple  as  possible,  let  of 
suppose  a  vessel  having  the  capacity  of  one  cubic  metre,  and  Id 
us  di«ipo«<e'^Yn  it  a  liaronieter  and  thermometer,  so  that  we  can 
observe  the  tension  and  temperature  of  tbe  confined  gas.  Ifor^ 
over,  let  us  pour  into  it  a  few  kilogrammes  of  water  and  |ierft*ctlr 
exhaust  the  air.  If  now  wo  expose  this  vessel  to  various  teiii* 
peraturt»s,  it  will  l>o  found,  first,  tliat  for  every  given  tcmperatore 
a  certaiu  fixed  weight  of  water  will  evaporate,  and,  tecoudly.  tbit 
the  vapor  thus  formed  vn\\  have  a  certain  definite  tension  wliicb 
is  invariable  for  that  temperature.  If  we  increase  tlie  tem{ieri- 
ture,  the  weight  of  the  va|ior  formed  will  be  greater,  and  the 
tension  gn^utor.  If  we  diminish  it,  the  weight  will  l»o  lo:si  auJ 
the  tension  loss,  provided  always  that  s«)me  liquid  wattT  r^*maia$ 
in  the  ve>sel.  The  talkie  on  the  opIw)^ite  fmge  gives  for  oaih 
teniiMMuture,  first,  the  weight  of  va|>or  in  grammes  which  tb< 
cubic  metre  will  etMitain,  and,  secondly,  the  tension  of  tb«*  Ta|»c. 

Hy  insjHMtin^  this  table,  several  remarkable  facts  will  l^e  ^v^ 
covenMl.  It  will  l>e  seen,  in  the  first  place,  that  a  verj*  pon^iM* 
amount  of  watiT  will  eva|)orate  even  at  a  temperature  of  tf*a 
d«*jrnM's  bi'liiw  tin*  fnM«zing-|>oint,  when,  of  course,  tlie  water  iu 
tlie  vevH'l  i^  in  the  state  of  ice.  In  the  second  |dace,  it  will  t-- 
notieed  that  the  tension  of  the  va|M>r  is  less  tluui  ttie  pp>^>ur 
of  the  atn!«»>|ilHTo  for  all  tem|H»nitures  under  100*,  and  gn**Xr: 
than  the  |in'>Hure  ot*  th<'  atmo^^phere  for  all  temperatures  win*\K- 
loo*  ;  H)  that  for  all  teni|MTatun»s  under  1<M)**  the  pn>^ur^  rv 
ertcd  l»y  the  vajHir  on  the  inner  surface  of  the  vessel  is  U*?^  Uua 
thtf  atino>ph(Tie  pn^ssun*  on  the  outside,  while  fur  all  tem{«rr*- 
tup'N  oviT  lo(i'  it  is  gn»at«»r.  In  the  thinl  place,  it  will  be 
noticed  that  at  \W*  the  tension  is  exactly  etpial  to  TO  c  m  ,  tbe 
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Teniian  of  the  Vapor  of  Watery  according  to  SegnaulL 


tare. 

Tilihloo  in 
OeDtimetxw. 

Wdghtof 
1  Cubic  Metre. 

Tompem- 
tare. 

Ttattonln 
Centinietrea. 

Wdgbt  of 
1  Cable  Metre. 

—10 

0.2078 

2.284 

-+-88 

8.7410 

85.836 

9 

0  2261 

2.476 

84 

8.9666 

37.249 

8 

0.2466 

2.679 

86 

4.1827 

89.252 

7 

0.2666 

2.897 

40 

6.4906 

60.700 

6 

0.2890 

8.129 

46 

7.1391 

64.884 

5 

0.8181 

8.377 

60 

9.1982 

82.302 

4 

0.3887 

8.640 

66 

11.7478 

108.61 

8 

0.8662 

8.920 

60 

14.8791 

129.18 

2 

0.3965 

4.219 

66 

18.6946 

169.84 

—1 

0.4267 

4.636 

70 

28.3093 

196.38 

0 

0.4600 

4.871 

76 

28.8617 

289.59 

-f-l 

0.4940 

6.212 

80 

86.4648 

290.81 

2 

0.6302 

6.674 

86 

43.3041 

849.68 

8 

0.6687 

6.957 

90 

52.5460 

418.27 

4 

0.6097 

6.363 

95 

63.8778 

497.64 

5 

0.6584 

6.795 

100 

76.  =  1  At. 

688.73 

6 

0.6998 

7.261 

120.6 

2  Atmoopb. 

1116.8 

7 

0.7492 

7.786 

133.9 

8       u 

1618.9 

8 

0.8017 

8.247 

144.0 

4          M 

2106.1 

9 

0.8674 

8.789 

152.2 

6          M 

2581.9 

10 

09166 

9.862 

159.2 

6       ^ 

8048.0 

11 

0.9792 

9.967 

166.8 

7       « 

8506.5 

12 

1.0457 

10.606 

170.8 

8       " 

8967.7 

18 

1.1062 

11.181 

175.8 

9       " 

4402.6 

14 

1.1906 

11.992 

180.3 

10       « 

4843.3 

15 

1.2699 

12.746 

184.5 

11       " 

6278.6 

16 

1.8686 

18.639 

188.4 

12       " 

6709.8 

17 

1.4421 

14.875 

192.1 

13       «< 

6136.4 

18 

1.6867 

16.255 

195.5 

14       " 

6560.4 

19 

1.6346 

16.1S2 

198.8 

15       « 

6979.6 

20 

1.7891 

17.167 

201.9 

16       " 

7396.4 

21 

1.8496 

18.184 

204.9 

17       " 

7809.8 

22 

1.9669 

19.2(i3 

207.7 

18       u 

8220.3 

23 

2.0888 

20.898 

210.4 

19       u 

8628  6 

24 

2.2184 

21.590 

218.0 

20       u 

90.S4.0 

23 

2.8550 

22.843 

215.5 

21       u 

9437.4 

26 

2.4988 

24.156 

217.9 

22       u 

98.38.1 

27 

2.6506 

25.588 

220.3 

23       u 

10235.5 

28 

2.8101 

26.985 

222.6 

24       u 

10632.9 

29 

2.9782 

28.604 

224.7 

26       u 

11026.6 

80 

8.1548 

80.096 

226.8 

26       u 

11419.6 

81 

8.8406 

81.762 

228.9 

27       t< 

11809.2 

,9% 

8.6869 

88.509 

230.9 

28      « 

12198.8 
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pressure  of  the  atmosphere.  This  is  the  boiliiig-point  of  vatcr* 
tlie  temperature  at  which  bubbles  of  steam  can  form  beutmth  \be 
surface  and  rise  to  tlie  top  without  being  condensed.  La»tlr,  ii 
will  be  noticed  tliat  al)ove  100^  the  tension  of  the  vapor  incrvai«i 
very  rapidly  with  the  t4Mn]>erature  ;  so  that  at  121^.4  it  is  ctjiul 
to  2  atmospheres,  or  twice  the  pressure  of  the  atniof«ph<*n\  and  at 
201''.9  to  16  atmospherics.  Steam  of  greater  ti^nsiun  than  tln^ 
atmospheric  pressure  is  called  hi^k-pressure  sieam^  and  it  is  tkU 
condition  of  steam  which  is  found  al)ove  the  water  in  a  »t4»iu- 
boiler,  and  which  is  used  with  so  much  effect  iu  the  st<.*am- 
engine. 

(285.)  DaltoiCs  Apparatus. — Tlie  ex|)eriment  descrilK.Hl  alwve, 
for  determining  the  tension  and  weight  of  a  cubic  inetn^  of  the 
\fi\yoT  of  water  at  different  tem[>eratures,  was  merely  d«»viM?d  fwr 
simplicity  of  illustration.  In  order  to  obtain  even  appr«»ximaie 
results,  it  is  necessary  to  experiment  in  a  different  manner  and 
on  a  very  much  smaller  scale.  The  tension  of  the  va|N>r  of  water 
between  0'  and  lOO**  can  be  measured  quite  accuratoly  by  mrans 
of  a  common  barometer-tulH3.  If  the  tul>e  is  filled  with  mt^rvurr 
and  inverted,  as  descril>ed  in  (l^T),  the  column  of  mercury  will 
stand  in  the  tul^e  at  the  height  of  76  c.  m.,  more  or  li>s,  miioTe 
the  mercury  in  the  basin,  according  to  the  varyinir  pn.'>surv  M 
the  air.  SupjK^e,  now,  that  we  fill  tlie  tul>e  again  wiih  mon^unr. 
only  adding  at  the  t<»p  a  IVw  dr4»ps  of  wator,  and  inv»Tl  it  a* 
before.  TIh»  wat*T  will  of  courst*  ri>c  to  ilit*  surfar»»  of  i!ii»  m.  r- 
cury,  and  a  jniriion  of  it,  varying  with  tin*  ti»in|wniHir»',  *:« 
eva|M>rato  into  \\w  vacuum  almvi*.  This  vajKir  will  c\i*rl  a  i*iTU;r. 
pressure,  and  depress  the  int»reury-<'nlumn  ;  tlie  aniniint  of  tlie  «!■>• 
pression  will  Ih»  equal  to  the  ditTerence  lK»twiN»ii  the  pn»st»iii  h«:j:.: 
of  tlu?  column  and  that  of  the  ban>meter  at  the  U'lrinniii::  t»f  \\  ■ 
exjMTinient.  Moreover,  it  will  U»  exa<-tly  tin*  same  us  th*'  Ih^:::^:: 
to  wlueh  tlh'  va|M)r  wouM  rai*»e  the  menMiry  of  a  baroiuf-i.-r.  if  im- 
ni'TMil  in  it,  and  will  tlien*fon»  h%*  the  in<*aHure  of  tin*  tcjeojou. 

Tli«'  a|»|»aratu>  u^ed  by  Ihillon  in  hi>  determinatiouo  of  lit' 
teu».ion  of  the  va|»or  of  \\al«T,  and  lia*»ed  on  the  [)rineipl<*<«  ju»; 
<»xplaiue«l,  is  n*|iresent<*d  iu  V\\z.  4<H».  |i  4*ou>ist*«  of  two  liar»«a>- 
cter-tuln-s  «li|»|»iuir  into  tin'  same  Iwisiu  of  nnrn*ury.  Tho  fir^l  ^*i 
theM'  tuU'«i,  />,  is  a  |M'rf<Mi  bannneter.  Th«»  Mvoiid,  .4.  i**  a  lo- 
n>nn't«T  \ntli  a  small  amount  of  uatiT  alN>ve  the  meixMirv-^^nluma. 
The>c  two  iul>es  are  cnclo>cd  in  a  tall  glafrs  cylinder,  ^tauding  ia 
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the  basin  of  mercuiy  and  filled  with  water,  whoBe  temperature 
can  be  regulated  by  meaus  of  the  furnace  below.  This  tempera- 
ture, obBervcd  by  means  of  the  tlier- 
mometer  T  conveniently  disposed,  is 
of  course  the  common  temperature  of 
the  two  barometers  and  of  the  vapor  at 
the  top  of  the  second.  In  order,  then, 
to  determine  the  elastic  force  of  this 
vapor,  it  is  only  necessary  to  meas- 
ure the  difference  of  height  of  the 
two  columns,  since  this  height  re* 
duccd  to  0°  is  the  measure  of  its 
tension. 

The  apparatus  of  Dalton  can  be 
used  89  long  as  the  elastic  fonie  of 
the  vapor  does  not  exceed  the  pres- 
sure of  the  atmosphere.  When  the 
tension  is  equ&i  to  76  c.  m.,  the  sur- 
face of  the  mercury-column  will  bo 
depressed  to  the  level  of  the  mercury 
in  the  basin,  and  the  experiment  is 
at  an  end.  In  order  to  continue  the 
determination   above   this   point,  we 

can  use  a  siphon-  fi«  k> 

tube,  inverted  and 

closed  at  the  shorter  end,  as  represented  in  Fig. 
407.  The  tube  is  filled  with  mercury,  with 
the  osce])tion  of  a  small  amount  of  water 
above  the  mercury  in  the  shorter  branch,  and 
heated  in  an  oil-bath.  The  tension  of  the 
vapor  is  eindently  equal,  at  each  moment,  to 
the  pressure  of  the  atmosphere  increased  by 
the  weight  of  the  column  C  D. 

On  account  of  the  difficulty  of  preserving  a 
constant  and  uniform  temperature  throughout 
the  whole  height  of  tiie  cylinder  of  water,  tlie 
method  of  Dalton  is  not  calciilatcd  to  give 
accurate  results,  although  in  a  modified  form 
it  was  used  by  Regnault  with  great  success  for 
temperatures  between  0°  and  60°.    The  two 
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forms  of  apparatus  just  described  may,  however,  be  used  ftr 
illustration  with  advantage  ;  onlj  in  this  ease  it  is  as  wdl  to 
substitute  for  the  water  some  more  volatile  liquid. 

(286.)  MarceCs  Globe,  —  The  tension  of  Uie  vapor  of  water 
above  100^  may  be  roughly  estimated  by  means  of  the  apparmm» 

represented  in  Fig.  408.  It  consists  of  a  sums 
brass  globe  containing  water,  and  serring  as  a 
boiler.  Through  a  tight  packing4xix  \mm^% 
a  glass  manometer-tulie  of  about  a  metre  ia 
length,  whose  lower  end  opens  undor  mercurr 
resting  on  the  bottom  of  the  braids  boilor.  The 
globe  has  also  two  other  openings ;  one  of  ibcae 
may  be  closed  by  a  sto{)Cock,  and  thrr>uirh  the 
other  passes  the  tube  of  a  thermometer,  havinr 
its  bulb  withift  the  globe.  On  commencing  the 
cx|)eriment,  the  water  is  boiled  for  some  time 
in  order  to  expel  all  the  air,  and  the  st^ificnck  b 
then  closed.  At  this  moment  tlie  tem|ieratare 
of  the  steam  is  100^,  and  the  tension  7»i  c.  a. 
more  or  less,  according  to  the  pressure  of  tb? 
air.  As  soon,  however,  as  the  steam  is  pr^ 
vented  from  escaping  freely,  the  tomfieniture 
of  the  ^IoInj  will  befriu  to  rise,  and  at  the  is*n>e 
time  tlio  tcMision  of  the  confuuNl  stoam  «:ll 
increase,  niising  the  nii»rcury  in  tbo  nian<*ni"- 
tor-lul>o.  For  any  temjioruture  indiratti]  '5 
the  thennom«*t«*r,  the  c<)rn*s|H)ndinir  i»'ii*i»n 
of  the  vii}M>r  will  !>e  found  l»y  addim:  i.»  v\^ 
hiMjrht  of  the  harometer  for  the  time  lieing  tin*  hi*ii;lit  i»f  lb? 
mercury  in  the  lui»e,  measuriMl  hy  a  scale  pn»vidc<l  fur  th«*  f-u.*^ 
|M)se.  This  apiKiratus,  likt*  tht*  la>t,  is  only  caloulateti  for  illus- 
tration, and  yiehis  Imt  approximate  results. 

(2H7.)  AppnratHs  of  (ftnj'Lussac. —  For  measuHni;  lh«»  !•«- 
sion  of  the  vajnir  of  wattT  lH»h»w  zert),  Gay-Lns^ac  emj»Ioyid  iIk 
apparatus  reproMMited  in  Fijr.  401K  It  consiht?*.  Iik«»  iho  apf^rv 
tus  of  Palton.  of  two  haromet«'r-tulH.»s  filled  with  ni«Tcurj\  lb< 
o|NMi  ends  dipping  under  m«.Tcury  in  the  same  lm>in  ;  t»nf  <i 
lh«»si»,  /I,  which  is  straijrht,  and  {MTfectly  free<l  fnun  air  and  nH**- 
ture  hy  lK)iling  the  m«Tcury  in  the  tul»e,  ber%*es  to  moa»urv  the 
pressure  of  the  air ;  the  other  contains  a  few  drops  of  water  aliore 
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iba  mercury-column,  and  its  closed  end  is  bent  so  that  it  can  be 
BDrrounded  by  a  freezing  mixture,  as  represented  in  the  figure. 
A  thermometer,  t,  indicates  the  temperature  of  the  vapor  above 
the  mercury-column,  and  the  tension  of 
this  vapor,  corresponding  to  each  temper- 
ature, is  readily  determined  by  measur- 
ing with  a  catbetometcr  the  ditference  of 
level  of  tlie  mercury  in  tlic  two  tubes  A 
and  C.  It  will  be  noticed  at  once,  that 
only  a  portion  of  the  vapor  in  the  tube  C 
is  exposed  to  the  freezing  mixture  ;  but 
it  is  an  established  principle  of  hygrom- 
etry,  that,  when  the  temperatures  of  two 
vessels  communicaling  with  each  other 
are  vnequai,  the  tension  of  the  vapor  is 
the  same  in  both,  and  is  always  that 
vhieh  corresponds  to  the  lowest  temper- 
ature. The  application  of  this  principle 
in  the  above  method  is  evident. 

(288.)  Apparatus  of  RegnauH.—TbQ 
accurate  determination  of  tlie  tension  of 
the  vapor  of  water  at  high  temperatures 
is  attended  with  great  difficulties ;  but 
on  account  of  the  importance  of  the  sub- 
ject, arising  from  its  connection  with  the  «■  ton. 
steam-engine,  no  subject   has   been  the 

object  of  more  careful  scientific  investigation.  It  was  first  care- 
fully investigated,  in  1830,  by  a  commission  of  the  French  Acad- 
emy, consisting  of  Arago  and  Dulong ;  and  more  recently  it  has 
been  reinvestigated  by  Begnanit  with  his  usual  perseverance  and 
skill.  The  results  of  his  investigations  were  published  in  the 
twenty-first  volume  of  the  Mt'motres  de  rAcad4mie  des  Sciences, 
to  which  we  have  so  frequently  had  occasion  to  refer  in  these 
pages.  Indeed,  the  determinations  made  by  Renault  of  the 
compressibility  of  gases  (165),  of  their  coefficients  of  expansion 
(261),  and  of  the  coefficients  of  expansion  of  mercury  and  glass 
(260  and  254),  were  merely  preliminaries  to  this  main  investi- 
gation. 

For  temperatures  below  60*,  Regnault  made  use  of  the  same 
method  as  Daltoc,  but  modified  his  apparatus  so  as  to  avoid  the 
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CftiiHO  of  error  mcntionod  in  (SS;)).  Tlio  apparatim.  a*  ibw 
mixliriiMl,  is  ivproRciitL-(l  in  Fig.  410.  Tlic  open  cmii>  uf  lh«  i«-> 
barouic'ter-tubcs  /  and  t'  dip  into  tlio  Fonio  ba»i»  of  in<TnirT, 
wliiclt  iti  fiintisliod  with  an  adjuMius- 
scn.'«',  O,  similar  to  tliat  di-^crihcd  ia 
(ir>y).  The  npper  cuds  of  Ui««  mii" 
aro  enclosed  within  a  cjlindrical  r-*w|, 
V,  tnndo  of  nhoet-inetal,  and  pmriil.^; 
with  a  gltiys  front,  through  whirh  tti- 
beight  of  the  men-un-cidumnK  nu* 
1k!  otiscrved.  Tlio  l«Iic«  jaw  thm^L-ti 
tulnilaliircs  in  the  bottom  of  the  rr**-!. 
and  arc  necun^  in  their  plac«v  hr 
ilidia-nililwr  connccton".  Tl>e  Tr^*A 
V  is  filled  with  water,  and  its  teraprrv 
turc  is  readily  kept  eon^tant  and  nni- 
forni,  at  any  [»oint  below  tW.  by  mrat" 
of  a  tpirit-lunip  and  by  coDFtaiil  aeiti- 


If 


I 


m 


In   ono   nories  of  esp<*riment!>,  R-^- 
naiilt  cnipbiyed  two  siniplo  Itaninn-i-r- 
nf-tiii-  tiilfs    OMO    fdli'd    wilh    jM-Hl-i-tly    ^7 

imrcury,  anil  llic  nther  cuiiUuntii;;.  i:. 
additifin,  a  siiiall  fjiianlitv  nf  wat-T  iiIk>vi'  the  ni.Tiiirv-,-..iiim- 
F..reaHi  l.'mj.-niluiv  .if  ilu-  Lalb  at  in-ii.-jtl.-i  by  lli-  \V.-t::i-.-^ 
etiT.  7'.  If  .b'l.Tiiiiiinl  lb.;  dilViTi-li.v  ..f  b;v,-l  ..f  lb.-  ni-T-'tirr  : 
the  t«<.  l,iiroiii.'U'M.ilH-s.  Tbis  luvbt  n-.bin-i  t.,  u^  w.i-'-'-- 
dt-nliy  lb.-  mr;iMM-  ..f  lb.-  t.-»M,.n  of  tb.:  viij-.r. 

In  iiiiiilbiT  ^oril■*  ul'  i-\|HTin)>'nts,  he  eonnettod  wilb  lb-  iir>r 
end  iif  tbr  baruni'-l>T-liiln_'  /,  by  nwan;'  of  u  c<>(>|"T  vnni--;  t.  1 
pliiss  gl.ilH'.  a.  bin  iii^:  a  eaiiaciiy  "f  nl>.>nt  .'."HI  ,  ,„  '.  A  l.r4:i- ! 
of  this  .•uTin..tor.  <  1.  Mivrd  a|>..  lo  c.-nn.-ct  th<'  gb.U-«.i' 
an  air-i'innp.  ll>r<Mi-h  a  /'  t>iU-.  n.  filb-'l  with  \<\'-vy*  of  piim   - 

Mon.'  nxiM.' 1  uidi  Mil[.1niri<-  arid:  l>nt  l>.'r>.r.'  finally  ndm-ct  : 

lb-  a[.[.ar:iiii<.  a  >Tnall   L'la-  U\\\> in|.l--t.-ly  1111,^1  with  -it--: 

and  brri]>.'ti.'aliy  M-ab-d.  was  imnxlno'd  into  lb.-  gUs<  ^W^. 
Aib'i-  lb.'  ailju-iniint"  w.T.'  (■..Tn|ili't<d,  the  interior  of  tin-  irl"** 
wi-  tir-t  i"Trirlly  iiri-il  l.y  .xban-tiiii:  lb-'  iiir  and  uUowiafr  it  W 
i.-Hiii.-[  a  L'li'al  nnnil"'r  .if  lilnl■^  lliroiigb  the  (nlieg^.i.  ■.  It 
wa^*  ibeii  exbaii»led  for  the  la,-t  time  as  ]H.TfeclIy  i 
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the  tube  i  hermeticallj  sealed  by  the  iSame  of  a  blowpipe.  Tlie 
globe  was  next  surrounded  by  melting  ice,  and  the  tension  of  the 
small  amount  of  air  left  in  it  carefully  determined  by  measuring 
with  a  cathetometer  the  diflference  of  level  of  the  mercury  in  the 
two  barometers.  The  ice  having  been  removed,  some  pieces  of 
burning  charcoal  were  now  brought  near  tlie  bottom  of  the  globe, 
so  as  to  break  the  glass  bulb  within  and  liberate  the  water,  which 
at  once  evaporated,  and  filled  the  globe  and  the  upper  part  of  the 
barometer-tube/  with  vapor.  It  only  remained  then  to  fill  the 
vessel  V  with  water,  and  to  heat  the  bath  to  diflFerent  tempera- 
tures, when  the  depression  of  the  column  of  mercury,  measured 
in  the  usual  way,  gave  the  tension  oif  the  vapor  corresponding  to 
each  temperature. 

It  has  been  already  stated,  that  the  use  of  the  apparatus  just 
described  is  limited  to  temperatures  below  60®.  In  order  to  de- 
termine the  tension  of  the  vapor  of  water  at  higher  temperatures, 
Begnault  resorted  to  an  entirely  different  method.  We  have 
before  seen  (282)  that  the  temperature  of  the  vapor  rising  from 
a  boiling  liquid  is  the  same  as  tliat  of  the  liquid,  and  that  its 
tension  is  always  equal  to  the  pressure  to  which  the  liquid  is 
exposed.  By  boiling  water,  then,  under  different  pressures,  and 
determining  the  temperature  at  which  it  boils,  we  shall  have  at 
once  the  tension  of  the  vapor  corresponding  to  each  tempera- 
ture. The  apparatus  represented  in  Fig.  411  was  used  by 
Regnault  for  this  purpose.  It  consists  of  a  copper  boiler,  C, 
connected  by  the  tube  A  B  with  a  large  globe,  itf,  and  further 
connected  by  the  flexible  hose  H  H'  with  an  air-pump,  by  which 
the  pressure  on  the  surface  of  the  water  in  the  boiler  may  be 
varied  at  pleasure.  This  steam,  as  it  rises  from  the  boiler,  is 
condensed  in  the  tube  A  jB,  which  is  kept  surrounded  by  cold 
water  for  the  purpose,  and  the  temperature  of  the  globe  M  is 
also  retained  at  a  constant  point  in  a  similar  way.  The  pressure 
under  which  the  water  boils  is  accurately  measured  by  the  ma- 
nometer O,  and  the  temperature  at  which  it  boils,  when  under 
this  pressure,  is  determined  with  equal  accuracy  by  means  of 
four  thermometers,  whose  indications  serve  to  correct  each  other. 
They  are  inserted  into  iron  tubes  closed  at  the  bottom  and  filled 
with  mercury,  which  pass  hermetically  through  the  top  of  the 
boiler  and  descend  to  different  depths  in  the  steam  and  water  it 
contains. 

49 
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Tho  method  of  luing  the  spparBtus  will  be  made  clear  bf  m 
example.  Let  us  suppoeo,  tlieii,  Uiat  ve  wish  to  iueami«  Ibi 
tension  of  tlie  vapor  of  water  at  tomporaturea  between  loO*  aad 
100°.  We  should,  in  tho  first  place,  connect  tho  bow  BB'  vilk 
4  coudeusiug-pump,  and  force  air  Into  the  ^obe  aad  boiler  oatil 


the  mnnnmeter  indirntod  a  pressure  in  tiro  interior  of  ahont  (o«r 
atino^plK'n's.  We  i^hmilil  tlii*ii,  Iiy  mimnx  of  a  chun»nt-fiin»««. 
IhiII  till!  MiiliT  ill  llii!  vrsM'l  (",  Utkiii^  carofo  to  rctnilalo  llic  b'Wl 
that  till-  hh-ain  will  coiidfiiso  in  the  tiilx)  A  B  as  fa»t  as  it  furm* 
ill  the  lH>ili-r.  When  thix  {;<  the  i-a.^o.  the  heitrhl  uf  iIm<  nu- 
noinrii-r  will  n-iniiiii  (-niistuiit  diiriiip  the  wholo  couph:  of  lb* 
ex|HTiriii'iit.  |iniviili-d.  (if  i-nunM-,  that  tin-  pn.*s*iun.'  of  tbt-  atro-f 
pti.'ro  drH-H  lu.t  vary.  Th"  l.-nsioii  nf  th.*  Mi-am  fumiinir  in  tbr 
iHiiliT  c-:m  ii.i«-  c!l^ily  1-'  d<'tiTiiiini'<l,  fur  it  nni5t  cvid.'ntir  ht 
i>.lii;il  (.1  tlie  iH-iuht  i.f  the  Iwiroini-tiT  ndileii  tn  tho  diffi-n-nw  of 
li'v.O  iif  ihi-  tHu  uiiTturyH'oliiiiin'i  of  tlio  manomctfr.  The  ma- 
iMTHiuri'  (if  the  fteiini  iiirr<'v[i.iiidui(r  to  this  tension  is  then  Mffrr- 
tiiitied,  hy  nn-n-ly  insi-'CtiiiL'  tlie  tliermrtmeten"  cnnnoeted  with 
the  ct>[i|K.T  huik-r.     l<ct  us  eiipitoso  that  thu  difTcrenco  of  levd  of 
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the  mercury-column  of  the  manometer  when  reduced  to  0**  is 
found  to  be  254.524  c.  m.,  and  that  the  height  of  the  barometer 
at  the  time,  also  reduced  to  O"*,  is  76.209  c.  m.  The  tension  of 
the  steam  is  then  equal  to  330.733  c.  m.  On  inspecting  the  four 
thermometers,  they  were  found  to  indicate  respectively  147® .50, 
147^49,  147^54,  and  147^35,  the  mean  of  the  four  bemg  equal 
to  147**.48,  which  we  take  as  the  true  temperature.  Hence  it 
follows  that  at  147''. 48  the  tension  of  the  vapor  of  water  is  equal 
to  330.733  c.  m. 

Having  determined,  as  just  described,  the  tension  of  the  vapor 
of  water  at  one  temperature,  we  should  next  diminish  the  pres- 
sure on  the  surface  of  the  water  in  tlie  boiler,  by  allowing  a 
portion  of  the  air  to  escape  from  the  globe.  The  boiling-point 
of  the  water  would  at  once  fall,  and  we  should  then  measure  the 
tension  and  temperature  corresponding  to  the  new  conditions; 
and  by  repeating  this  process  several  times,  we  should  be  enabled 
to  fix  the  tension  and  corresponding  temperature  at  several  points 
between  150**  and  100^ 

The  apparatus  just  described  was  constructed  by  Regnault 
chiefly  to  test  the  method  on  which  it  is  based,  and  to  discover 
the  causes  of  error  to  which  the  method  is  liable.  The  appa- 
ratus actually  used  in  the  determination  of  the  tension  of  the 
vapor  of  water  at  temperatures  above  100®,  although  on  precisely 
the  same  principle,  was  constructed  on  a  very  much  greater  scale, 
and  capable  of  sustaining  a  very  great  pressure.  The  copper  boiler 
had  a  capacity  of  about  70  litres,  and  its  walls,  5  millimetres 
tliick,  were  strengthened  by  bands  of  iron.  The  glass  globe  M  of 
Fig.  411  was  replaced  by  a  very  strong  copper  chamber,  having  a 
capacity  of  280  litres,  and  this  was  connected  with  the  boiler  by 
a  tube  arranged  exactly  as  in  the  smaller  apparatus.  The  upper 
part  of  the  chamber  was  also  connected,  on  the  one  side  with  a 
pump  for  condensing  air,  and  on  the  other  with  a  manometer. 
This  manometer  was  the  same  as  that  used  by  Regnault  in  his 
experiments  on  the  compressibility  of  gases,  to  which  we  have 
already  referred  in  connection  with  that  subject  (page  296). 
We  have  not  space,  however,  to  enter  into  a  detailed  descrip- 
tion of  the  apparatus.  This  will  be  found  in  Regnault's  original 
memoir.  Suffice  it  to  say,  that  every  precaution  was  taken  to 
secure  accuracy  which  physical  science  could  suggest,  both  in 
the  apparatus  and  in  the  method  of  experimenting.     Regnault 
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was  able  to  experiment  with  this  apparatus  up  to  a  presrare  <i( 
twenty-«ight  atmospheres.  Unfortunately,  at  thirty  atmovphcret 
one  of  the  bolts  which  fastened  the  irou  bauds  broke,  hi  oon- 
sequence  of  the  distention  of  the  boiler,  aud  it  was  tlioiigirt 
imprudent  to  continue  the  experiments. 

(289.)  Discussion  of  the  Results.  —  By  the  methods  dg>cribcd 
in  the  last  section,  Regnault  determined  the  tension  of  tlic  Tmpor 
of  water  at  different  temperatures  between  — 32*  and  2.HU*.  The 
intervals  of  temperature  between  the  numerous  dcterminatioai 
were  necessarily  very  irregular,  the  precise  temperature  in  each 
case  depending  on  accidental  circumstances.  This  is  shown  by 
tlie  following  table,  which  gives  the  results  of  a  few  only  of  the 
observations  made  by  Regnault :  — 


T«ip. 

TaoikNi. 

T«p. 

TmmIoo. 

T— p. 

Tnrfriu 

T«ir 

TmAm. 

— ^2*S4 

0.02S 

ui.^i 

6^22 

•125*71 

177.895 

•I94%t 

1094  4r 

^12.53 

0.161 

58  62 

13.905 

153.90 

394.484 

tl2J0 

I4«i.«l< 

0.00 

0  454 

•76.49 

S0.67I 

•167.40 

555.483 

121.33 

1779011 

-1-20.51 

1.781 

•99.92 

75.790 

185.67 

857.941 

130.50 

2111700 

From  these  results,  however,  we  can  easily  determine  the  tensioa 
corres|K)nding  to  any  other  temperature  between  tho  limits  of 
ol>scrvation  by  eithor  one  of  two  methods. 

The  first  mothotl  is  ti)  nriko  a  geometrical  constmetion  of  ilh» 
results  of  the  cx|)crini<Mits  similar  to  that  which  is  given  in  Fir. 
412.  Ill  this  figure,  tho  abscissas  of  the  cur>'0  abed  t^re  lK»» 
degre<»s  of  t<Mn|>erature  ;  the  ordinates  are  the  corrcspimdirur 
tonsicms  in  atin  »sph<»n*s.  Tho  cur^'e  is  constnicte<l  thmuifh  i!k» 
IH>ints  indiratiMl  on  tho  fi^niro  by  dots,  and  these  wt^re  fixo«l  Lr 
the  obviM'vations  niarktMl  with  a  star  in  the  aUive  tablo.  Bj 
moans  of  this  curve  we  can  evidently  ascertain  at  once  il»e  t*»a- 
sioii  at  any  iiitonnediato  t»Mn|MTatiire,  and  pn»fMin»  a  tabb»  *^tniiUr 
to  that  oil  p:iiro/)71.  Tlio  se:ilo  of  FiiT.  412  is,  how.»v«»r.  thiv 
p'tli«»r  t«H»  Miiall  to  funii^h  (»v<vi  approximate  ro*iults  ;  btii  on 
tin*  plat**  aooonipanyiip^  R«*i:iiaiilt's  iiiomoir  the  sanio  run**  will 
h*  fniinil  <ira\vn  on  a  s<'ah»  wliioh  is  siiitahh*  for  tlio  purpi»<»»». 
Tlio  curv«\  rviMi  a**  drawn  in  nur  fij^nre,  will,  how«'Vt»r,  <*«»M\>»r 
t  >  tho  nrnoi  a  far  In^ttor  ooiH^'ption  of  the  rapidity  with  which 
tho  ton'^JDn  of  tho  va|M>r  of  wat»T  increases  with  the  toni|»oratur*», 
than  o«MiM  h«»  irivi»n  l»v  a  colnnin  of  nunil»ers. 

The  tHH'ond  niethtxi  of  determining  the  tension  at 
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Intermediate  between  those  at  which  it  has  been  actually  observed, 

consists  in  using  empirical  formuUe  eimilar  in  principle  to  those 

which  we  have  preriouslj  em- 

ployed  to  express  the  solubility 

of  salts  in  water,  or  the  rutu  of 

expansion  of  liquids  at  ditVoroiit 

teatperattircs.      At   least   thirty 

Buch  formula  liavo  been  projioscd 

at  different  times  for  tlio  purpose, 

which  agree,  with  inoro  or  less 

accuracy, with  difforerit  sets  of  ob- 

aervations.     The  dotermiiiatioiis 

of  Rcgnault   agree  very  nearly 

witl)  the  foUowiiig  exponential 

formula  proposed  by  Biut :  — 

log^=A  —  Ba'~C^', 

in  which  [199.1 

a:  =  /  +  20°. 

Tlie  five  constants  of  this  for- 
mula wore  calculated  by  Rcg- 
nault 
fVom  5 
observ- 
ed val- 
ues of  t 
and  ^, 
taken 
at  in- 
tervals 

of  sixty  n(.4ii 

degrees 
between  — 20°  and  220°,  and  were  found  to  be 

A  =  6.2640348 
]og  B  =  0.1307743 
log  C  =  0.6924.S5I 
log  o  =  9.0940493 
log  ^  =  9.9083438 

By  means  of  tliia  formula  wo  can  calciibito  tbc  te:ision  of  the 
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vapor  of  water  at  any  temperature  within  the  limits  of  the 
vations,  with  as  great  accuracy  as  tliat  of  Uie  experimettUl  data 
on  wliich  tlio  formula  is  based ;  but,  like  other  empirical  fSommls, 
it  cannot  be  relied  upon  if  tlie  tcnifientture  mucli  excoed*  Ume 
limits  on  either  side.  In  calculating  the  table  on  pogi^  o71, 
Begnault  used  the  formula  and  constants  just  given  lor  all  Unsy 
peratures  between  lOO"*  and  230**,  but  for  lower  teroperatiirvs  tie 
found  it  best  to  use  two  similar  formulas  with  different  orMi9^taut«. 

(290.)  Formation  of  Vapors  of  differemi  Liquids.  — The  Uwi 
of  the  formation  of  the  vapor  of  water,  wliich  have  boen  enao- 
ciatod  in  the  last  few  sections,  also  hold  true  for  the  vafmrs  of 
other  liquids.  If  instead  of  water  we  should  introduce  into 
the  vessel  of  one  cubic  metre  ca|>acity  assumed  in  (284)  a  mall 
amount  of  alcohol,  ether,  sulphide  of  carbon,  or  any  ocber 
liquid,  it  would  be  found  that  for  any  given  temperature  a  oer> 
tain  fixed  weight  of  each  of  these  liquids  would  evaporate,  and 
that  the  vapor  formed  would  have  a  certain  fixed  tension.  If  the 
tem[)erature  were  increased,  more  liquid  would  evaporate  into 
the  cubic  metre,  and  the  atmosphere  of  vapor  fomuMl  would  have 
a  greater  tension  ;  and  if  the  temperature  were  diniinislied,  Uith 
the  weight  of  the  cubic  metre  of  vapor  and  its  tension  would  be 
less.  Furthermore,  the  tension  of  the  vajior  at  diffenMit  t<*mper^ 
atures  could  ))e  determined  by  the  same  methods  used  ifi  tiie  cas« 
of  water,  and  we  could  make  for  each  li(iuid  a  table  ^iultlar  lo 
that  on  f>age  T)?!.  Kegnault*  has  furnished  us  with  sufh  a  taU« 
for  five  of  the  most  familiar  liquids.  This  tal»le,  wliioli  pv«-*, 
however,  only  the  tensions  of  the  vaj)ors,  will  be  found  «>n  ih».* 
opjK>site  pajre.  The  weight  of  one  cubic  metro  of  each  \4;««r 
can  n.^iulily  Im»  cnlculat<Hl  for  each  teni|M^rature  by  means  ut*  \\ti 
roriDula;  wliich  will  Ih)  dovelo|)ed  in  the  next  cliapter. 

It  has  nlrea<ly  l)een  stated  (2><*2),  that  at  the  lM>ilin^.|>i»iht  \\\^ 
tension  of  the  vujior  of  any  liquid  is  exactly  cnjuuI  to  the  pn»urv 
of  the  ntiu(»sphen%  and  l>alton  sup|N>siHi  tliat  at  t«*ni|»:ratiin*!^ 
e<jually  distant  from  tln'ir  rrs|M»<'tive  lM>iling-|)oints  tht*  va{M>r»  i»f 
all  liquids  were  nppn»xiniatively  equal  in  ttMision.  If  this  princi{«l*? 
(which  is  u'^ually  known  niidtT  the  nam«*  of  Ihdton's  law  \  %^Tt 
tru«',  \vf  roiiM  easily  calculate  from  the  tension  of  tin*  vaiM^r  of 
wati-r  tliat  of  any  olluT  liquid.  SupjH>se,  for  exaniph\  ii  ira»  it- 
quireil  («»  tind  the  tensit>n  of  iIh*  va|K>r  of  ether  at  oU*»  which  i^  l-'* 
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1    - 

kkoboL 

iChacw 

8^2^**         CThlniDAim. 

OUoT 
Tagpwitinub 

—81 

0.812 

20 

0.884 

6.92 

16 

•    •    • 

•    •    • 

6.88 

—10 

0.650 

11.82 

7.90 

) 

0 

1.278 

18.28 

12.78 

•    •    • 

0.21 

+10 

2.408 

28.65 

19.93 

18.04 

0.28 

20 

4.40 

48.48 

29.82 

19.02 

0.48 

80 

7.84 

68.70 

48.411 

t                27.61 

0.70 

40 

18.41 

91.86 

61.76 

86.40 

1.12 

60 

22.08 

126.80 

85^ 

52.48 

1.72 

60 

85.00 

178.08 

116.26 

!                78.80 

2.69 

70 

53.92 

280.95 

154.9C 

1                97.62 

4.19 

80 

81.28 

294.72 

208.05 

>              186.78 

6.12 

90             1 

119.04 

889.90 

262.81 

181.15 

9.10 

100             1 

168.50 

492.04 

882.1S 

t              286.46 

13.49 

110             2 

»5.18 

624.90 

418.68 

\             802.04 

18.78 
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707.62 

•    . 

... 

.    .    ■ 
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120.78 

•    •    . 

512.1C 

1              881.80 
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;              472.10 

84.70 
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•         a        • 
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>               ... 

46.28 

150             1 
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■ 
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60.45 

152             'i 

r61.78 
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>               ... 

.    •    • 
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»        •        • 

•    . 

1               .    •    • 

77.72 

170 

•        • 

■    • 

>               ... 

98.90 

180 

•        • 

.    . 

... 

122.50 
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t         m         • 

.    . 

... 

151.47 
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.    . 

i               ... 

186.56 
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1         •        • 

•    .    < 

1               ... 

225.12 

220 

»         •         • 

•    . 

... 

269.08 
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B             •             • 

.    . 

... 

277.85 

above  its  boiling-point.  According  to  the  above  principle,  this 
tension  is  the  same  as  that  of  the  vapor  of  water  at  115**,  or  126.9 
0.  m.,  a  number  which  differs  but  very  slightly  from  that  deter- 
mined by  actual  experiment,  and  given  in  the  foregoing  table.  It 
has  been  shown,  however,  by  the  investigations  of  Regnanlt,  that 
Dalton^s  law  is  not  absolutely  rigorous,  and  at  large  distances 
from  the  boiling-point  is  so  far  from  coinciding  with  the  facts, 
that  it  cannot  be  relied  upon  except  for  furnishing  the  first  rough 
approximation  to  the  actual  tension  of  a  volatile  liquid. 

It  follows  at  once  from  the  law  of  Dalton,  that  at  any  given 
temperature  different  liquids  may  have  very  unequal  tensions, 
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and,  monorer,  that  in  any  oat  am 
tlie  tensitm  must  bo  tb«  graater  ifa* 
lower  the  boiling-point  and  henc*  tbt 
more  rolatile  tlio  liquid.  Tfaon  bcti 
may  be  illustrated  hy  mo&n*  of  ttw 
apparatus  represented  in  Pig.  413. 
It  couaists  of  four  baruinetvr^Qba. 
all  dipping  into  tlio  same  bmn  uf 
mercury.  Tlic  fuvt  at  tite  left  ii  a 
perfect  barometer,  and  thcrefon  in- 
dicates the  pressure  of  the  air ;  bat 
tlie  otiicra  contain  a  feir  drupa  uf 
some  volatile  lit)uid  alwve  die  mer- 
cury-column.  The  tension  of  the  va- 
por of  these  liquids  is  ni<.'a»ured.  U 
course,  bj  the  depression  uf  tlie  nxr- 
cury ;  this  will  Iw  found  tu  bu  greater 
in  proportion  as  the  )K)iliiig-|H>int  is  tower. 

(2iH.^  Marimum  TemioH  of  Vapors.  —  Tlie  vapor  of  aay 
liquid  wliich  forms  in  a  confined  space  and  i»  the  prttrmc*  of 
an  excess  of  Ike  fit/uid,  has  always  tlio  grcatoKt  tcn^ioll  wbi<:b 
tlie  v«j>or  can  have  at  the  piven  t<-iniH;rtttnn*.  To  ri-i-ur.  fur  oi- 
uiii|itc,  t(i  iHir  |iri'vimis  illustration  :  at  the  t(-m)Hrniiiin-  uf  :^'^ 
tlK-rc  woiilil  furm  in  tin-  vt-sst-l  dowrilxHi  in  (::^4^  u  .-ul.i.-  m.-tir 
(if  va|H)r  w<'it;lij]i<;  IT.I-Vi,  and  having  u  i<'ii!>iiiii  v\iuti  t->  1.7:' 
cm.,  pnivi.li-il  only  an  cxit-ss  uf  wati-r  w.t«  jircx-iit-  Ni.»  tli;* 
is  iIk>  ^rniiti'st  l■■ll^illll  whUli  the  vsqiiir  uf  wau-r  can  hav-  at  ■_■*', 

If  liy  n haiiinil  nu-aiis,  as  liy  siitkini:  a  jii>lon  in  a  « ylin-l.-r.  •- 

attfiiipt  to  iii.'n-a-e  th''  clastiriiy  of  thv  vajmr  without  iti  u.-.-  ::; 
tl»>  t<'[n|HTatnr<'.  w<'  lincl  ihat  it  is  ut  unco  cunil>-N>'-d  i-i  i:.|ii  i 
watiT,  anil  that  il^  iiti^inn  inimiiis  constjint  at  1. '■!'.>  c.  m.  unt.I 
all  thi- vii|H(r  ha*  ilisi|i|H-:iri'i|.  (hi  nuw  ruisiiiK  Ihf  pi-ton.  ih^ 
s|i:ii'i-  will  Ix:  IJll'-il  iiirain  wiili  va|>ur ;  but  so  long  as  a  i)o>p  '-' 
wat.T  rriuains  in   ili.-  cyliniliT.  tiiu  tcn.'ioii  uf  this  \aj-.r  »:i! 

>tili  I piul  III  l.;;;'.t  i:  m.     If,  however,  aftt'r  all  tlif  wat^-r  h» 

i'vii|ii.riiiiil.  wi;  -.lill  coniiiinc  l<i  enlarge  tlio  capacity  uf  tin*  cylio- 
d'T,  linn  thf  vujHir  will  act  likl^  u  pis,  and  its  l<>iisiun  will  diniin- 

ish.  in  II ir<laiii-.>  willith.-lawuf  Mariuitc;  com)ian>(  l.'>ti.:i)aii-l 

(Itio).  Jnthualxivi'  illu--(riUiu]i  wo  have  a.-isuimHt  tliat  tlw  u-n*- 
jierature  of  the  vesM.-l  was  constant  at  '20' ;  but  Uie  tame  priitd|J< 
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is  equally  true  at  all  temperatiues  and  for  all  liquids,  and  all  the 
tensious  given  in  the  tables  on  pages  571  and  583  are  the  maxi- 
mum tensions  possible  at  the  respective  temperatures. 

This  principle  may  be  illustrated  experimentally  by  means  of 
tlie  apparatus  represented  in  Fig.  414.     It  consists  of  a  barom- 
eter-tube and  a  deep  mercury  cistern,  in  which 
the  tube  can  be  entirely  immersed.     In  order  S 

to  mount  the  apparatus,  the  tube  is,  in  the 
first  place,  nearly  filled  with  mercury,  which 
is  boiled  to  expel  the  air,  and  then  tlie  rest  of 
the  tube  filled  ^-ith  ether.  On  inverting  the 
tube  and  plunging  the  open  end  under  the 
mercury  of  the  cistern  in  the  usual  way,  the 
ether  rises  to  the  top  of  the  tube,  and  a  part 
remains  liquid,  while  the  rest  forms  a  va- 
por which,  at  the  ordinary  temperature  of 
the  air,  depresses  the  mercury-column  about 
36  c.  m. ;  so  that  the  mercury  stands  in  the 
tube  at  40  c.  m.,  instead  of  76  c.  m.,  al)ove 
the  level  of  the  mercury  in  the  cistern.  The 
tension  of  ether  vai)or  at  the  ordinary  temper-  ^ 
ature  is  consequently  36  c.  m.  If  now  we 
attempt  to  increase  tlie  tension  of  this  vapor, 
and  consequently  diminish  its  volume,  by  sink- 
ing the  tube  in  the  cistern  (Fig.  414),  we 
shall  find  that  a  portion  of  the  vapor  will  con- 
dense ;  but  the  mercury-column  will  remain 
at  the  same  height  in  the  tube,  proving  that 
the  vapor  which  is  still  uncondensed  has  the 
same  elasticity  as  before.  On  continuing  to 
depress  the  tube,  it  will  be  found  that  the 
height  of  the  mercury^^olumn,  and  conse- 
quently the  tension  of  tlie  vapor,  will  remain  rig.4u. 
absolutely  the  same  luitil  the  last  bubble  has 
been  condensed.  This  proves  that  36  c.  m.  is  the  maximum 
tension  which  the  vapor  of  ether  can  be  made  to  assume  at  the 
ordinary  temperature  of  the  air. 

(292.)  Gase$  and  Vapors. — The  principles  of  the  last  section 
furnish  a  convenient  ground  of  distinction  between  gases  and 
vapors.     It  is  usual  to  apply  the  term  vapor  to  such  aeriform 


^ 
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Bubstances  as  are  easfly  condensed,  either  bj  preBetvn  or  bf  ttki, 
into  liquids,  and  which,  under  the  ordinary  conditions  of  atan^ 
phcric  temperature  and  pressure,  exist  in  the  liquid  state.  TUt 
definition,  however,  is  pureljr  artificial,  and  makes  no  es$emimt 
distinction  between  a  gas  and  a  vapor ;  and  we  therefore  prpfer 
to  distinguish  by  the  word  vapor  the  peculiar  condition  of  aetv 
form  matter  when  it  is  at  the  point  of  maximum  tension.  Ac> 
cording  to  this  definition,  a  vapor  is  a  condition  of  aeriform  mat* 
ter  which  obeys  tlio  law  of  Mariotte  when  its  volume  is  increased^ 
but  which,  if  the  volume  be  diminished,  is  in  part  chanfed  tolo 
a  liquid ;  a  gas,  on  the  other  hand,  is  a  condition  of  aieritbni 
matter  which  obeys  the  law,  whether  its  volume  be  increased  or 
diminished.  We  may  also  define  a  vapor  as  that  oonditioii  ia 
which  a  gas  exists  the  moment  before  its  change  of  state. 

This  distinction  between  a  gas  and  a  vapor  will  be  made  clearer 
by  pursuing  still  further  the  illustration  of  the  lat^t  section.  Lei 
us  suppose  that  we  have  a  cylindrical  vessel  exposed  to  the  tern* 
perature  of  ISO"",  and  filled  with  steam  having  a  tension  equal  to 
98.956  c.  m.  By  referring  to  Table  IX.  of  the  Appendix,  it  will 
be  seen  that  the  maximum  tension  of  the  vapor  of  water  at  IM* 
is  203.028.  Now,  if  there  were  in  the  vessel  a  supply  of  water. 
the  liquid  would  continue  to  give  off  vapor  until  this  tension  was 
attained.  But  we  will  assume  that  there  is  no  li(|uid  water  prr«. 
ent,  and  that  tiie  cylinder  is  filled  with  expanded  st«»ani.  Tudfr 
these  cirounistancrs,  the  steam  must  retain  the  tension  of  l^'^.lO^ 
c.  m.  so  long  as  l>uth  the  tem|>erature  and  the  volume  nrmain 
unchaii^*Ml. 

If  now,  keepinp  the  temperature  constants  we  increase  the  ca- 
jrticity  of  tlio  cyliudtT  l»y  raising  the  piston,  the  steam  will  ex(Niii<i 
and  its  tension  will  diminish  in  aeconlunce  with  Mariottt*'!i  Uv. 
When  tin*  volume  is  doubled,  the  tension  will  Ih»  found  to  k 
41».  IT^'  c.  Ml. ;  when  (juadrupled,  the  tension  will  U*  rt-^lnrtHJ  to 
'J4.7.*»l»  e.  \n.  :  and  in  any  eas4?  we  can  find  the  tension  o»nv* 
sj)ondin^  to  the  increased  v<»hnne  by  the  pro|K>rtion  • 


*  ThM  (()uation  i«  in<nlv  [Us].  •kuli^titutin^  ^  and  JQ  ii>r  // Ami  //'.  TW  in- 
(l«-nt  inu*t  U*  rart-fiil  to  Wl^T  in  iniiiil  that  ttir  t<*ii%i<>n  uf  a  pu  i*  al«a«Y  romal  to  tbt 
pn«»tip*  ti)  hIii«  h  it  M  t aimimmI  ( 1  I9i  Wc  horr  Iravo  (»ut  *4  thr  arrtMiat  mi«  4r««tf»« 
fnmi  Mari4>ttr*t  law.  whirh,  nrvenhclrM,  maj  be  \tfy  cxMMMlcffmblt  M  tilt  MiM  <l  I9»- 
dt'tuation  It  apprtMihi'd  (165  and  166). 
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Moreover,  when  the  volume  has  been  only  so  far  increased  that 
the  tension  of  the  steam  has  been  reduced  to  76  c.  m.,  it  is  then 
in  the  same  condition  as  that  in  which  a  gas  (like  sulphurous 
add,  for  example)  exists  at  the  ordinary  temperature.  It  will 
Bustiun  the  pressure  of  the  atmosphere,  and,  were  the  tempera- 
ture of  the  laboratory  as  high  as  ISO"*,  it  might  be  collected  over 
a  mercury  trough  and  transferred  from  one  jar  to  another,  like 
any  other  gas. 

Again,  if,  still  keeping  the  temperature  constant  at  180'',  we 
now  lessen  the  capacity  of  the  cylinder  by  sinking  the  piston, 
the  tension  of  the  confined  steam  will  be  increased  up  to  a  cer- 
tain point  in  accordance  with  Mariotte*s  law ;  in  other  words, 
it  will  manifest  all  the  characters  of  a  gas,  and  its  tension  at 
any  degree  of  condensation  may  be  calculated  by  the  same  for- 
mula as  before.  If,  however,  we  continue  to  sink  the  piston 
until  the  volume  of  the  steam  is  reduced  to  a  little  less  than  one 
half  of  its  original  volume,  and  the  tension  increased  to  203.028 
c.  m.,  we  shall  reach  a  point  at  which  the  steam  suddenly  ceases 
altogether  to  obey  the  law  of  Mariotte  ;  and  if  we  sink  the  piston 
still  further,  the  tension  will  not  increase  in  the  slightest,  but  a 
portion  of  the  steam  will  be  changed  into  water,  and  this  change 
will  proceed  until  the  piston  reaches  the  bottom  of  the  cylinder, 
the  tension  all  the  time  remaining  constant  at  203.028  c.  m.  It 
is  to  this  peculiar  condition  of  aeriform  matter  that  we  give  the 
name  of  vapor. 

Returning  now  to  the  initial  condition  of  the  cylinder,  when  it 
is  filled  with  steam  at  the  tension  of  98.956  c.  m.,  let  us  vary  the 
temperature,  while  we  keep  the  volume  absolutely  constant.  If 
we  increase  the  temperature,  we  shall  increase  the  tension  of  the 
confined  steam,  accorduig  to  the  same  law  by  which  the  tension 
of  a  confined  mass  of  air  would  be  increased  under  the  same 
circumstances.  If,  on  the  other  hand,  we  lessen  the  tempera- 
ture, we  shall  diminish  the  tension  of  the  confined  steam,  accord- 
ing to  the  same  law  as  before,  until  we  reach  a  temperature  at 
which  the  tension  of  the  steam  is  the  maximum  tension  for  that 
temperature.  Then,  on  still  further  cooling  the  cylinder,  a  por- 
tion of  the  steam  will  change  into  water,  and  the  tension  of  the 
remaining  vapor  will  be  found  to  be  the  maximum  tension  corre- 
sponding to  the  reduced  temperature. 

If  we  know  the  tension  of  a  confined  mass  of  gas  at  any  given 
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temperature,  wo  can  always  readily  calculate  its  leonoo  Ibr  at? 
other  teui|)oraturo,  assuming,  as  we  have  above,  UuU  Ihe  Toloae 
does  not  eiiaugc.  Let  V  represent  the  volume  of  a  gaa  vtuci 
has  a  tension  ij  at  t*.  The  volume  of  this  mass  of  gas  at  I*,  if 
allowed  to  expand  freely,  (he  tension  remaining  ctnutamt^  «uuM 
be,  by  [184],  F(l  +  0.003GG  [/'  —  /])•  If  "ow  Uii»  incn=fc^ 
volume  is  reduced  by  pressure  again  to  K,  the  tennion  <  vlu'-b 
was  before  4)  will  of  course  1)0  increased,  and  we  «ball  eridrntlj 
have  the  same  condition  as  if  the  gas  had  not  been  allovini  ij 
expand.     But  we  have,  by  [200], 

r  (1  4-  0.00366  [V  —  (\)  :  V=  ^  :  fl  , 

and  hence  we  obtain  for  the  value  of  the  increased  tensioiu 

^^  =  i9  (1  +  0.00366  [f  —  !])•  [*•!  ] 

Applying  now  this  formula  in  the  example  under  di$cu«»ioa. 
we  should  fnid  that  the  steam,  whose  tension  was  equal  to 
98.956  c.  m.  ut  1:>0%  would  have  at  103®  a  temaou  of 

^  =  9S.9:)6  -*-(!  +  0.00366  X  25)  =  90.641  c.  m.  ; 

and  on  referring  to  the  table,  it  will  be  seen  tliat  this  u  iW 
maxiniuni  tension  which  stoam  can  have  at  105*.  IIt*nce  at  thi* 
|)oint  the  st^^ani  assumes  the  coiiditi(»u  of  va|)or.  l»y  iho  ?4&« 
fonnula,  it  will  ap(H«ur  that  at  104"  the  t«»nsiun  of  lhi»  st«*i&ni  w-'L  : 
U*  l»o.:i;»4  c.  m.,  i>iit  l»v  ilie  tal)le  87.541  c.  ni.  i**  ih-*  uia\:zu:.:. 
tension  |M»s^il»lt*  al  104° ;  as  much  vajH)r  will,  lh«*n*lon\  !••  '  - 
dj*!!'**^!  U)  Nsalrr  as  is  iH'cessarv  to  n.Mlucc  iht*  tc!i'*i«t:i  t**  i  • 
amount.  Tin'  same  will  l>e  true,  to  a  slill  greater  dt'::!^-* ,  i: 
any  l<)Wt»r  t«*!np«Tatnre. 

('2M. )  Disfil/tition.  —  It  has  now  Ihhmi  shown*  first,  li:^:  : 
tonsi«>n  of  the  vajnir  which  rises  from  a  iNiiling  liquid  i*  ^»i;* 
equal  to  tin*  pn»ure  of  the  atm<»spiiere :  M.vondly,  that  tht*  :♦-- 
sion  is  tlio  maximuiu  tension  {M)>sible  for  the  tem|MTaturt\  «•»  il-^'* 
if  tin*  voluiut*  i>  HMlured  by  nitH:haniral  means  the  toiisiou  i«  :.-  : 
inrn*aN4'«i,  but  a  {nirtion  of  tli<;  vajM>r  is  comicnxNl  to  tin*  l.-« . 
statr.  From  tln'^^r  two  fafts  it  folhiws,  as  a  ntN«f»arv  o.^.-- 
i|U«-n('«',  that  a  vapor  will  l)«»  ctUHh'nMMl  to  a  li«|uid  by  i1k»  ]t*^ 
sun»  i»f  tln»  alino>pIn»n*,  if  it«*  tcin|K.»niture  falls  lH.»hiw  xUe  UWhcc- 
|Miint  of  this  li<)ui<l  <  <*\(M*)>t  undt.T  the  conditions  liervafli*r  to  ^* 
considered,  when  the  va|K>r  is  diffused  through  the  atmoffiiir.^ 
itM'lf). 


.  Tbe  process  of  distjllation,  -which  is  used  in  the  arts  for  tho 
purpose  of  separating  a  volatile  substance  Irom  one  that  is  fixed 
or  less  volatile,  is  a  direct  illustration  of  this  principle.  The 
siiDplest  apparatus  for  tho  purpose  is  represented  in  Fig.  415. 


The  liquid  is  boiled  in  a  glass  retort,  and  the  vapor  which  is  thus 
formed  is  conducted  into  a  receiver,  where  it  is  cooled  below  the 
boiling-point,  and  again  reduced  to  the  liquid  state.  Since  glass 
vessels  wlicn  exposed  to  a  naked  lire  are  liable  to  break,  the  body 
of  the  retort  is  usually  protected  by  placing  it  within  an  iron  pot 
and  Burrouading  it  with  sand.     Sucli  an  arrangement  is  termed 


tt  sand-bath,  or,  when  water  is  used  in  the  place  of  sand,  a  tealer- 
bath.     Another  form  of  distillatory  apparatus  is  represented  in 
Fig.  416.    Here  the  neck  of  the  retort  is  connected      th  what  is 
60 
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usuallj  termed  a  Liebigr't  eondeiuer.  It  connvte  of 
of  glass,  which  \a  kept  cotd  by  a  current  of  wftter  cii 
through  a  copper  cylinder,  which  mrrounds  it.     la  th* 


mon  Btill,  Fig.  417,  a  largo  copper  boiler  eupplira  the  \Aar-'  ■< 
the  ri'lort,  and  tin'  vajliir  is  coiiilciiiu-<l  in  a  )>piral  ml".*  <>f  -  :- 
per,  cutlud  a  i/'or»i,  wliich  is  kc|)t  imiucrsed  in  a  tank  of  <  ■■ 
water. 

Since  the  I>oilitit7-i>oint  of  a  liquid  is  rcUu-ed  in  pni("nrli''!i  i* 

the  atiuosjiheric  pl■^;^s^re  is  removed,  it  is  wniii'linit>s  adrLLiiLic"  -• 

to  conduct  the  j-rxci  — 

(if  distillation  in  a  jti.'' 

tiitl  vacuum.      Thi»  i* 

espL>ciullr  tb<'  ca.«e  wit:. 

winic  organic  Mil'»tAn->'' 

which  havo  a  l.itth  t.-^ 

in(t-)M)iiit    and    arv   'i-^ 

ooniiHt^Hl  by  hoaL     Tit 

■    "  ~  "^  ~        ~~^~  ap}tan)tu9      rvpiv^mw 

in  Fig.  41:4  U  «iUpb''l 

for  this  purpose.     The  retort  A  is  conneclitl  by  an  iKTmoticu!/ 

•ealud  joint  with  the  receivor  B,  and  this  again,  tlirough  the  tab* 


r,  vitb  an  aii^pnmp,  hj  which  the  pressure  on  the  Burfoce  of  the 
liquid  in  the  retort  m&j  be  very  greatly  reduced.  The  same 
principle  is  applied  in  the  sugar  refineries  in  order  to  concen- 
trate syrups  at  a  low  temperature  (vacuum-pans). 

(294.)  Steam-Bath.  —  The  fact,  that  the  temperature  of  boil- 
ing water  and  of  the  steam  rising  from  it  is  constant  at  100", 
is  frequently  applied  in  the  laboratory  when  it  is  important  to 
maintain  a  moderate  and  constant  degree  of  heat  for  a  length 
of  time.  The  arrangement  which  is  usually  adopted  for  evapo- 
rating liquids  at  100"  is  represented  in  Fig.  419.  The  porcelain 
eraporating-dish  rests  on  the  rim  of  a  hemispherical  Tossel  of 
copper,  in  which  water  is  kept  constantly  boilmg  by  means  of  a 
spirit-lamp. 


For  drpng  precipitates,  or  for  expelling  the  water  of  crystalli- 
zation from  a  salt,  tho  chemist  frequently  uses  a  stoam-bath  like 
the  one  represented  in  Pig.  420.  This  is  simply  a  copper  oven 
with  double  sides,  which  is  maintained  at  100°  by  boiling  the 
water  wliich  partially  fills  the  cavity  between  the  inner  and  outer 
lining  of  the  oven. 

(295.)  Papin'i  Digester.  —  Water,  when  enclosed  in  a  strong 
vessel,  can  be  heated,  as  wo  have  seen,  to  a  temperature  very 
mncli  above  100° ;  and  this  fact  is  advantageously  applied  in 
Papin's  Digester,  which  is  very  useful  in  the  laboratory  wlien  it 
is  required  to  expose  substances  to  tlie  action  of  water  at  a  tem- 
perature between  100°  and  200°  for  a  length  of  time.    It  consists 
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generally  of  a  thick  cylindrical  reswl  of  bran,  i>.  Fig.  431, 
closed  by  a  thick  cover  of  ttic  same  material,  which  u  kepi  m 
it«  placo  1>y  tho  screw  B  S.  A  safety-Talve,  o  p  A^  wemt  to 
regulate  the  fK«Hure,  aad  th« 
the  temperature  of  the  water, 
as  wcU  as  to  insure  the  •afkr 
of  the  apporatns.  The  detaib 
of  tho  constructi'in  of  llie  safrt** 
valve  are  given  in  Fig.  440.  Thii 
digester  can  alxo  be  uaed  wiik 
great  advantage  tu  produce  cIm»> 
ical  reactions  which  could  aot  bt 
readily  ohtaiucd  under  the  pnt- 
sure  of  the  air.  For  this  pa^ 
pose,  tho  substances  are  seaM 
up  tc^ther  in  glass  tube*,  and 
exposed  to  the  temperature  of  iht 
overheated  water,  and  any  inu- 
rior  pressure  resulting  frum  the 
^  evolution  of  gas  in   the   tul-e  h 

more  or  less  balanced  by  llw  <!• 
tcrior  pressure  of  tho  confined  steam. 

(2iKi.)  Gitu/nisaiiutt  of  Uiufs.  —  Tlierc  arc  many  «iil»tan<.-tt 
which  lK)il  ut  so  low  a  tcm[N?ratiire  tliut  tliey  retain,  at  Ui<-  "bi- 
nary teni[>er:itiire  uf  Ihc  atiui>sjiln'rc  and  under  the  UMinl  pn—u^ . 
the  cunilition  of  n  pis.  The  lHiiliii(r-|K.iiiis  ..f  u  nuiulKT  -f  -v.:. 
SulisLiiices  uro  gi^cii  iit  t)ic  follnwin^r  luhlc  :  — 


SiitpliiirraH  Ai'iil, 


>i.)<.-  of  [lv.lr..,;<-n, . 


SuIpl>i<U-orlIv.lrr>;r.-n. 
II>.lro.l.l..ri<-  Aci.1, 
Cnrl-mic  A.i.l. 
I'ruiDXulv  uf  Nitrogrn, 


All  tln'se  snl'itiiiii'cs  mnniffst.  nt  tin'  nniinary  tt>m|i>Taiiin-  -:' 
the  iiir,  th.-  siinie  physical  |>rii|>erlit.'!<  which  slewni  wi.uM  mainf-^: 
at  1;'.'!'.  a*  d.'M.Tilx'il  in  ( ^'.t:>  |  ;  buiI  if  in  oitlier  case  th.-  l.•^l^■■^ 
ntiin-  (if  th<'  (Till  i-«  n-iliio'il  In-low  the  l>uilin(^|loilll,  ilu-n  il»f 
t.'ii-ii.n  .if  Ihe  vii[-)r  will  !«•  n-diirfd  to  le-s  than  T'l  o,  m  .  \aA 
till*  (PLM  will  W  riindi'iis-il  in  a  liquid  by  the  prcssunj  of  tlw  air, 
exactly  as  in  the  process  of  d inclination. 


This  &ct  is  illustrated  by  the  common  method  of  preparing 
liquid  sulphurous  acid.  This  gas,  which  is  generated  by  heating 
together  metallic  mercury 
and  strong  sulphuric  acid 
in  a  glass  retort  (Fig.  422), 
is  passed  into  a  U  tube 
surrounded  by  a  mixture 
of  ice  and  salt,  whore  it 
collects  as  a  liquid.  Had 
we  the  means  of  pro- 
ducing readily  a  sufficient 
degree  of  cold,  we  might 
easily  condense  to  liquids 
the  other  gases  in  the  same  way. 

For  any  given  temperature,  the  vapor  of  each  of  the  substances 
included  in  the  above  table  has,  like  the  vapor  of  water,  a  definite 
maximum  tension,  which  it  cannot  exceed  ;  and  if  we  hod  the 
requisite  data,  we  could  make  out  for  each  one  a  table  of  maxi- 
mum tensions  at  diSerent  temperatures  similar  to  the  tables  on 
pages  571  and  58S.  Bunsen  has  furnished  us  with  such  a  table 
for  the  first  three  substances. 


+5 
10 


239 
293 
354 


Moreover,  what  was  shown  in  (292)  to  be  true  in  regard  to 
steam  at  130°  is  equally  true  of  these  gases  at  the  ordinary  tem- 
perature of  the  oir.  If,  for  example,  wo  suppose  the  cylinder,  so 
often  referred  to,  to  bo  filled  with  Bulphurous  acid  gas,  and 
maintained  at  a  constant  temperature  of  15°,  we  sliould  find,  on 
pressing  down  the  piston,  t  *^      n  would  increase  as  the 
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volume  diminished,  until  it  became  equal  to  298  c  m. ;  bat  «■ 
Btili  further  reducing  the  Ttrfumo,  the  gas  would  UqacQr.  TV 
same  would  be  trite  of  cyanogcu  when  the  tension  ''WTnt  eqail 
to  333  c.  m.,  and  of  ammonia  when  it  became  equal  tooTttcs, 
asfluming,  of  couno,  tliat  the  tempenUure  of  the  crliDdn-  k 
maintained  constant  at  15°.  If  tlio  temperature  is  diminiilMd, 
the  gases  cannot  acquire  so  great  a  tension  ;  if  it  is  raised,  iIk 
tension  may  bo  greatlr  increased. 

These  facts  may  be  Tery  elegantly  illustrated  br  means  of  tht 
apparatus  represented  in  Fig.  423.  It  consists  of  an  iron  eiftrra, 
A,  filled  with  mercurr,  and  elon^ 
on  all  sides  with  the  exceptioa  U 
fire  circular  aperture*  tbrottgh  tbr 
top.  Into  four  of  Ibeae  may  fae 
screwed  the  iron  tulies  a,  b,  e,  and 
d,  which  reach  to  the  bouna  of 
the  ciHtem.  These  tubes  are  pro- 
vided with  a  broad  shoulder,  bb^ 
are  screwed  down  upon  lead  «w^ 
ers  with  a  wrench,  so  as  to  enable 
the  joint  to  resist  a  pmvara  rf 
ten  or  twelve  almof|>horv9  wiik- 
out  yielding;.  Into  ihu  open  vti4' 
of  tliowc  inm  tul>i>;<  lh>'  chi-?  tu*»^ 
1.2. 3,  and  4  aro  o-mciitol.  Tli-.i 
arv  aU>ut  one  (.'onliniein*  in  <)iu>- 
otiTumi  i-IiBiod  at  the  l<.p.  \\\\-r. 
thc  iipiiurutuK  is  in  M-*.\  on.'  .»f  t!.- 
,  iiikI  the  ulhor  thro*  with  uninyin.i. 
■ill.  rcsiMVtivi'ly.  l(v  iln-  tiflli  aj-r- 
tnrc,  c,  till'  iiii.Tiiir  cif  iho  nii'n'nry-cist«'ni  cutiiKTt*  niih  iSk 
ror<-<'-|iiiin|i  /*,  ihnniL'li  tli<-  liiU-  x.-;  mid  l>y  tbii  »utfr  mar  !> 
I'..n-.-.!  in  <i|"m  tin-  -iiif:uv  "f  lb.-  iiii-n-iiry.  The  pr>-»Mir>-  tlm- 
fVirtcil  will  i-;iii*i'  tin'  niiTi-iiry  to  riM-  in  llw*  »'*vral  tiil^-<.  au'i 
lis  tin-  viiliiuii's  <if  ilio  oonfintil  pjiM-s  art-  diniini-hod.  it  will  U- 
ni'tiri'il  tliiil  tlii'ir  l>Ni-ii'in  r;i|ii'Ily  iiuTen««**.  This  t<-ii-ion.  wliicl: 
\t  tviil.-iilly  Ihi-  s;iin<'  in  nil  lour  tiiU's,  is  nit>)LiiinHl  liy  (h*  tu'*- 
wintainiiiL'  nir.  wliiih  s.-rv.-*  n«  n  iiiBiiomctiT  ( Irtt*.  ,H ).  If  ihf 
t<'ni|HT:itiin-  i>f  lln-  npimrntii-  w  ki-pt  conxtaiil  at  l.V,  ih«>  tencioa 
will  incrvaso  until  it  is  cjuol  to  2'.>3  cm. ;  then  the  tulp 
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acid  will  begin  to  liquefy,  and  the  tension  will  remain  equal  to 
298  c.  m.  until  all  this  gas  has  disappeared.  It  will  then  again 
increase  until  it  reaches  888  c.  m.,  when  the  cyanogen  will 
liquefy ;  and,  finally,  after  this  gas  has  also  been  reduced  to  a 
liquid,  the  tension  will  increase  again  until  it  becomes  equal  to 
578  c.  m.',  when,  last  of  all,  the  ammonia  will  liquefy.  If  now 
we  remoTe  the  pressure  by  opening  the  stopcock,  which  vents  the 
water  from  the  cistern,  the  liquids  will  be  seen,  one  after  the 
other,  to  boil  violently,  and  return  to  the  condition  of  gas. 

Since  the  tension  of  a  gas  is  always  equal  to  the  pressure  to 
which  it  is  exposed,  it  follows  that  any  gas  will  be  condensed  to 
a  liquid  if  it  is  exposed  to  a  pressure  which  is  greater  than  its 
maximum  tension  at  the  given  temperature.  The  maximum 
tensions  of  a  number  of  gases  at  0^  are  approximatively  as  fol- 
lows :  — 

Maximum  Tension  a<  0^  C. 


AtniotphnM* 

Chlorine,  ....  8.95 

Sulphide  of  Hydrogen,  .  10 

Qilorohydric  Acid,    .        .  26.2 

Protoxide  of  Nitrogen,  .  82 

Carbonic  Acid,  .        .         .  38.5 


Atmoflph«rei. 

Sulphurous  Add, 

.     1.53 

Cyanogen,     • 

2.37 

lodohydric  Add, 

.    3.97 

Ammonia, 

4.40 

Arsenide  of  Hydrogen, 


8.80? 


And  if,  in  either  case,  the  temperature  being  at  0^,  the  gas  is 
exposed  to  a  greater  pressure  than  the  tension  indicated  in  the 
table,  it  will  be  condensed  to  a  liquid.  If  the  temperature  is 
higher,  the  pressure  required  in  each  case  will  be  greater.  If  the 
temperature  is  lower,  the  pressure  required  will  be  less ;  and  if 
in  either  case  the  temperature  is  reduced  below  the  boiling-point 
of  the  substance,  the  gas  will  be  condensed,  as  we  have  seen,  by 
the  pressure  of  the  air  alone.  It  is  evident  that,  in  condensing 
gases  to  liquids,  a  great  advantage  is  gained  by  reducing  the 
temperature  as  low  as  the  circumstances  will  permit,  and  hence 
it  is  usual  to  employ  both  pressure  and  cold  for  the  purpose. 
Several  of  the  processes  in  use  are  as  follows. 

The  simplest  method  of  condensing  gases  consists  in  generat- 
ing a  large  volume  of  the  gas  from  the  proper  chemical  materials 
in  a  confine'  s'^'^e.  This  method  was  used  by  Faraday  in  his 
originil  in  its  on  this  subject.    He  generated  the  gas  in 
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one  end  of  a  strong  glon  tube,  bent  at  the  middle,  aa  r 

iu  Fig.  424,  and  liormetically  sealed.    The  gaa  accumulaliBg  ia 

the  confined  space  exerted  a   gnmt  prawwa 

jfi„^^  against  the  sides  of  tho  tube,  and  when  Ifab 

^^'^^^Sh^        pressure  become  equal  to  the  maximum  ie»- 

V*  ^^     sion,  a  portion  of  the  gas  was  condensed  to  a 

liquid.     This  collected  in  the  other  end  of  lb* 

tu)>c,  which  was  immersed  in  a  freezing-mixture  to  farilitiia  the 

process.     With    this  simple  apparatus  Faraday  succeeded  in 

liqiiufyiiig  culphurous  acid,  cyanogen,  chlorine,  ammonia,  snl- 

phidu  of  hydrogen,  carbonic  acid,  muriatic  acid,  and  aitrotts 

osi<lo  gasGB. 

The  principle  of  Faraday's  condensing  tubes  i 
applied  by  Thilorier  to  condensing  carbonic  acid  gas  oo  k  1 


rif,  er- 
will'-.  Till'  u]ipnnitns  which  lie  devised  for  llie  purposx*  is  n-pn- 
scui.'ii  ill  Fin.  -l-"'-  It  nmsisti  of  two  cylindrical  vc>m'|s  of  in-n, 
iiimi  -  i-x.-i'i-iliiiirly  >Iroiiir,  and  of  the  cngtacity  of  aUmt  elirht  liir*:* 
csvU.  Til.  y  Hrr  rlny.-ii  t.y  viilvo  stopcocks  of  [wviiliar  ct>n>tnii> 
tiiiii.  wliii'li  screw  into  tlic  iiccIcn  of  the  two  ves-teU  and  can  Iw  n> 
nii"''<l  lit  |i'i'iLsiirc.  Hy  nieniii  of  the  co]i[R>r  conne»'tiiip-I«t«  f, 
wliii'h  crtii  In-  iiitiicix'd  l>ycoii|iIirs  to  tliodischortriiiir  orifice  of  il» 
valves  D  and  iV,  the  two  cylinders  may  bo  united  when  n 
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In  order  to  use  the  apparatus,  the  valve  C  is  removed  from 
the  cylinder  ii,  called  the  generator,  and  a  charge  is  introduced, 
consisting  of  one  kilogramme  of  pulverized  bicarbonate  of  soda 
mixed  with  a  litre  of  lukewarm  water.  After  this  has  been 
poured  into  the  cylinder,  a  long  cylindrical  vessel  (JS),  contain- 
ing about  650  grammes  of  common  oil  of  vitriol,  is  carefully  let 
down  by  a  hook  without  spilling.  The  valve-cock,  having  been 
first  carefully  closed,  is  now  screwed  down  tightly  to  the  mouth 
of  the  generator,  which  is  then  turned  upon  its  supporting-pivots 
so  as  completely  to  invert  it,  and  thus  mix  the  acid  with  the  car-  . 
bonate  of  soda.  The  carbonic  acid  of  the  salt,  which  amounts 
to  more  than  half  of  its  weight,  is  now  rapidly  disengaged,  and 
accumulates  in  the  vacant  part  of  the  generator,  exerting  great 
elastic  force.  The  generator  is  next  connected,  as  represented  in 
the  figure,  with  the  second  large  cylinder  (-B),  which  serves  as  a 
receiver,  and  which  is  surrounded  by  a  mixture  of  ice  and  salt. 
On  opening  the  two  valves,  the  condensed  gas  rapidly  passes  over 
and  collects  in  the  cold  receiver.  The  cylinders  are  then  dis- 
connected, after  first  closing  the  valves,  and,  the  generator  having 
been  carefully  emptied,  the  same  process  is  repeated.  After  two 
or  three  charges  have  been  in  this  way  conveyed  into  the  receiver, 
the  pressure  becomes  sufficient  to  liquefy  tlie  gas  ;  and  after  ten 
or  twelve  charges  the  receiver  may  contain  several  litres  of  liquid 
carbonic  acid.  The  receiver  is  then  finally  detached,  and  the 
liquid  which  it  contains  preserved  for  use.  If  this  liquid  is  al- 
lowed to  flow  out  into  the  air,  a  portion  of  it  evaporates,  and,  as 
we  should  expect,  with  great  rapidity  ;  but,  what  is  more  won- 
derful, the  cold  caused  by  the  evaporation  is  so  great,  tliat  the 
larger  part  of  the  liquid  freezes,  changing  into  a  white  flocculent 
solid  resembling  snow.  This  very  remarkable  phenomenon  will 
be  best  studied,  however,  in  connection  with  the  latent  heat  of 
vapors.  In  order  to  show  the  substance  in  its  liquid  condition, 
a  small  quantity  may  be  drawn  off*  from  the  receiver  into  the 
thick  glass  tube  P,  which  is  then  closed  by  a  valve^jock  like  that 
of  the  receiver  itself.  It  is  always  dangerous,  however,  to  con- 
fine liquid  carbonic  acid  in  glass. 

Although  the  apparatus  of  Thilorier  is  exceedingly  conven- 
ient, and  yields,  with  little  labor,  large  supply  of  liquid  carbonic 
acid,  yet  its  use  is  not  unat  )d<  with  danger  ;  and  a  fatal  acci- 
dent, caused  by  the  burstii  iron  generators,  at  the 
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School  of  Pharmacy  in  Paris,  haa  bron^t  H  into  gwteral  £»■ 
favor.  TIio  danger  arises  from  the  ciroumstance  that  tlis  dw 
ioal  action  of  the  sulphurio  aoid  oo  the  cartioaale  at  mmU  ii 


attt'inli'l  with  the  evolution  of  hoat,  which  rtifcs  the  ifnii»>r»- 
tnri-  of  thi-  p-iii-rator,  uii'l  vory  frreatly  iiicrcajn'si  tln>  m.ixini'ia 
U'11-ioii  III'  ilh!  t;:LH,  In  thu  nt>'iv*>r,  whoa  MimmmliHi  l.v  i.* 
iiikI  sitli,  tin'  ti'ii>iiiii  is  ('•mijuinilivi-ly  fii-lile,  and  ull  danin-r  nnj 
}»•  iivoiili'ij  liy  i-otiili'iisiii^  tii>'  frris  with  a  f<in^>-)>iim|i  liin-'-tlT  i:ii.> 
til'-  oiM  n-ivivor.  An  n]i(>nmIUM  fi>r  thin  l>nr]ii>*«>  isi  nm-.tru.-t.'! 
In.iIi  liv  Xiitti'nT,  in  Vienna,  uml  liy  Miaiii'hi.  in  I'aris.  It  om- 
f'l't-  of  ;i  conik-nsin^-piirnii  ( M**),  rciiroscntttl  at  /  in  Fitf.  4^. 
wliii'ti  lii-iiws  iho  )m»  rnuii  n  rawinotor  throiish  ilit'  tW>xil>lc  b"^ 
».  ami  fi'ivt's  it  iiilo  an  iron  nvciver,  whii-h  is  rrpn'M'nkol  in 
Fin.  4:iT.  of  one  fifth  of  its  uHual  siie.    This  receiver  tcrevt 
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'Upoa  tiie  upper  end  of  the  pump-barrel,  and  it  is  closed  below 
by  a  self-acting  valve,  and  above  by  the  valve-cock  gj  as  shown 
iu  Fig.  427.  A  crank  and  fly-wheel  facilitate  the  working 
of  the  piunp ;  but  it  requires  several  hours  of  hard  work  to 
liquefy  only  500  granunes  of  gas.  After  the  receiver  is  about 
two  thirds  filled  with  liquid,  it  is  unscrewed  from  the  pump- 
barrel,  and  the  liquid  can  then  be  drawn  out  by  inverting  it  and 
cqiening  the  valve  g*.  This  apparatus  has  been  especially  used 
tor  liquefying  nitrous  oxide  gas. 

Pressor  Faraday  succeeded  in  liquefying  several  gases  which 
had  not  been  condensed  before,  by  combining  the  action  of  intense 
cold  and  great  pressure,  the  last  obtained  with  a  very  powerful 
oondensing  apparatus.  This  apparatus  consisted  of  two  condens- 
ing syringes.  The  first  had  a  piston  of  an  inch  in  diameter,  the 
second  of  only  half  an  inch  ;  these  syringes  were  connected  by  a 
pipe,  so  that  the  first  syringe  forced  the  gas  through  the  valves 
of  the  second,  and  the  second  syringe  was  then  used  to  compress 
still  more  highly  the  gas  which  had  already  l)een  condensed  by 
the  action  of  the  first,  with  a  pressure  varjring  from  ten  to  twenty 
atmospheres.  The  gases  were  condensed  by  this  apparatus  into 
tubes  of  green  bottle-glass  bent  at  the  middle  into  the  form  of  a  U, 
and  closed  at  the  ends  with  brass  caps  and  stopcocks,  securely 
fitstened  by  means  of  a  resinous  cement.  The  curved  portion  of 
the  tube  was  immersed  in  a  bath  of  solid  carbonic  acid  and  ether, 
and  at  times  a  still  greater  degreeofcold,  estimated  at — llO"*, 
was  obtained  by  placing  the  bath  under  the  receiver  of  an  air- 
pump  and  exhausting  the  air.  When  exposed  to  this  very  low 
temperature,  most  of  the  liquefied  gases  froze,  as  is  shown  by 
the  following  table,  which  contains  the  results  of  Faraday :  — 


Omm  DOi  Ttt  liqneOed. 

Air. 

Oxygen. 

Nitrogen. 

Hjdrogen.         , 

Oxide  of  Carbon. 

Marsh  Gai. 

I>eatozide  of  Nitrogen. 


Gmm  Ltqn«iled, 
bat  not  FroMo. 

Oleflant  Gas. 

Chlorohjdric  Acid. 

Fluohydric  Acid. 

Floosilicic  Acid. 

Phosphide  of  Hydrogen. 

Arsenide  of  Hydrogen. 


Obms  Liquefied,  Melting- 

and  also  Frooten.  Point. 

Bromohydric  Acid,  — S^ 

Cyanogen,  95 

lodohydric  Acid,  51 

Carbonic  Acid,  58 

Ammonia,  75 

Salpharous  Acid,  76 

Ralphidc  of  Hydrogen,       86 


Chlorine. 

Protoxide  of  Nitrogen,  — 100 

More  recently,  Natterer  of  Vienna,  has  constructed  a  vastly 
more  powerful  condensing  apparatus  than  that  of  Faraday,  al- 
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though  on  a  similar  principlo,  by  which  be  has  been  able  to  f  x- 
exort  a  pressure  of  nearly  three  thousand  atmospheres ;  bat  tbe 
gases  enumerated  in  the  first  column  of  the  above  tal>le  did  doc 
yield  even  to  this  immense  pressure,  and  indeed  were  not  torn- 
deiisod  so  much  as  we  should  be  led  to  expect  from  tlie  Uv  of 
Mariotte.  For  a  description  of  this  ap|iaratus,  the  student  au? 
consult  tlie  memoir  already  referred  to  (page  2119). 

Tlie  facts  of  this  section  all  tend  to  show  how  compleCely  the 
meclianicul  condition  of  matter  depends  on  the  teniperatun*  of 
the  globe.  If  tlie  mean  temperature  were  100^  below  Uie  pitr^irot 
point,  by  far  the  larger  number  of  known  gases  would  lie  either 
solids  or  liquids.  To  ttie  inhabitants  of  such  a  climate  ( vbuo 
we  may  suppose  to  use  a  Centigrade  thermometer  on  whidi 
— 100''  of  our  scale  would  be  the  zero-point),  protoxide  of  nitro- 
gen would  bo  a  very  volatile  liquid,  freezing  at  0^  and  boilinf  at 
Id"" ;  cyanogen  would  be  a  crystalline  solid,  melting  at  65*  and 
boiling  at  80^ ;  and  sulphurous  acid  would  be  a  solid,  melting  at 
24""  and  l>oiling  at  90"*.  On  the  otiier  hand,  were  tlie  mean  tern- 
{leruture  of  the  globe  100^  above  the  present  point,  many  of  our 
most  familiar  liquids  would  be  known  chiefly  as  gases.  Etber, 
alcohol,  and  water  would  stand  very  nearly  in  tiie  same  relatioQ 
in  such  a  climate  that  sulphide  of  hydrogen,  cyanogen,  and  ful- 
phurous  aoid  do  in  ours. 

Tlien;  is  ovory  reason  to  In^lieve  that  all  pases  mi^Hit  U»  coo- 
doiisrci  to  lijjiiids,  if  a  hufticiiMit  dc»pn^M)f  cold  and  pr»*^>un»o»<ii.l 
l>o  attainrd  ;  and  we  oufrht  not  to  l>e  surprisinl  at  tli«*  ditli^ultr 
ex|M»ri«MicuMi  in  liqucfyini;  th«»  pises  alxne  enuniorat^^l.  wh»'n  m^ 
n'nu'nilH.'r  how  very  rapitlly  tin*  niaxinmni  tension  of  \a|*»r^  ::>- 
crrasrs  with  tin*  toin|H'raturo,  and  how  very  limitiHi  our  ni«Mn* -f 
nMiurin^  i\ui  tcni|M.Tatnre  an\  as  coni|>anHl  with  t»ur  ni«Mi*  -f 
I'K'valin^  it.  We  can  easily  attain  a  t4»nijH^ralun*  f»f  .^jnmi  r. 
whili?  wo  can  wam'ly  n»d\i(M»  th«»  toni|»erature  of  lKHlit»s  to  — 1.*.«»'. 
At  1,000"*  tlu*  niaxinmni  tension  of  the  vajwr  of  water  wnuM  ':•. 
nn(|U«'>tional)ly,  (S{ua]  to  many  thousand  atniosphenv>,  tkiA  :t 
wonld  undoulitrdlv  l»e  found  as  diflirult  to  condt^iMf  to  a  l:>iu: ! 
th«'  va|M»r  «»f  wal«r  in  the  highly  rarelunl  condition  which  ii  ii«»ulJ 
liavo  at  that  t«'ni|HTalun»  umliT  the  mere  pri'ssure  of  the  air.  a* 
it  is  now  found  to  cond«*ns<?  th«*  M>-called  |M*nnanent  gu^o*. 

(  2'JT.  )  (Greatest  Dt  nsity  of  Vaipor,  —  Wy  referring  to  the  \^i*\^ 
on  )»age  571,  it  will  lie  sf.m  that  the  weight  of  one  cubic  uictit 
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of  the  vapor  of  water — and  hence,  also,  its  density  (68)  —  in- 
creases very  rapidly  with  the  temperature.  This  is  also  shown 
by  the  curve  a  hfg  of  Pig.  412.  The  ordinates  of  this  curve 
represent  the  weight  of  one  cubic  metre  of  vapor  at  the  corre- 
sponding temperatures  indicated  by  the  abscissas,  and  the  dis- 
tance between  any  two  horizontal  lines  of  the  figure  corresponds 
to  a  difference  of  weight  equal  to  58^.73  grammes.  At  230®.9 
the  weight  of  one  cubic  meire  of  vapor  is  already  ^  of  the 
weight  of  a  cubic  metre  of  water  at  4^,  and  at  the  same  rate  of 
increase  tlie  weight  of  the  vapor  at  no  great  elevation  of  temper- 
ature would  be  equal  to  .that  of  its  own  volume  of  water.  At 
such  a  temperature  water  would  change  into  vapor  without  in- 
creasing its  volume,  provided  that  a  vessel  could  be  made  suffi- 
ciently strong  to  bear  the  immense  pressure  which  it  would  then 
exert.  The  same  must  also  be  true  of  the  vapors  of  other  liquids, 
80  that  at  a  temperature  more  or  less  elevated  the  density  of  the 
vapor  will  become  equal  to  the  original  density  of  the  liquid, 
which  will  then  change  into  vapor  without  increasing  its  volume. 
An  approach  to  these  phenomena  has  been  observed  by  M. 
Cagniard  de  la  Tour.*  He  sealed  up  in  a  strong  glass  tube  a 
volume  of  water  equal  to  about  one  fourth  of  the  capacity  of  the 
tube,  and  exposed  it  to  a  gradually  increasing  temperature.  At 
a  fixed  temperature  the  water  entirely  volatilized,  and  the  tube 
appeared  empty.  This  temperature,  at  which  water  tluis  evapo- 
rates into  a  space  of  about  four  times  its  own  bulk,  is  near  tha 
melting-point  of  zinc  (860®).  So  great  was  the  solvent  power 
of  water  on  glass  at  this  high  temperature,  that  it  soon  destroyed 
tlie  integrity  of  the  tubes,  and  a  small  amount  of  carbonate  of 
soda  was  added  to  the  water  to  diminish  this  action.  As  the 
vapor  cooled,  a  point  was  observed  at  which  a  sort  of  cloud  filled 
the  tube,  and  in  a  few  moments  after,  the  liquid  reappeared 
almost  instantaneously.  M.  de  la  Tour  made  similar  experi- 
ments with  alcohol,  ether,  and  sulphide  of  carbon,  witli  the  fol« 
lowing  results :  — 

Temperatore      VolnnM  of  Vapor      Tension  of 
of  iiNippcar-    M  compared  with       Va|>orln 
ance.  Volume  of  Liquid.   Atmocphena. 

Alcohol  (3G*  Baume),        .         .     259®  3  119 

Ether, 200  2  37 

Sulphide  of  Carbon,  .         .         .     275  2  78 


•  Annalcs  de  Cbimie  ct  de  Ffaysiqae,  2«  S^rie,  Tom.  XXI.,  XXII. 
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The  tonsion  of  the  vapors,  as  given  in  the  above  table,  b  ht 
less  than  we  should  have  expected ;  for,  if  Mariotte**  law  beU 
good  in  tlieso  cases,  ether  should  have  exerted  a  prcseiiire  eqoA! 
to  about  209  atmospheres,  and  alcohol  of  at  least  242.  Here. 
then,  wo  have  a  very  marked  example  of  the  principle  previou»lr 
enunciated  (166),  tliat  as  the  |K>int  of  liquefaction  is  appniaclMiL 
the  compressibility  of  a  gaSs  deviates  more  and  more  widely  (ma 
the  law  of  Mariotte.  The  exficriments  of  De  la  Tour  aUo  »buv. 
that  under  tliese  euonnotis  pressures,  even  before  the  winkle  uf 
the  liquid  has  evaporated,  the  tension  of  the  vapor  varies  with 
the  proportion  which  tlio  liquid  bears  to  the  space  in  which  il  if 
confined. 

(298.)  Smallest  Density  of  Vapor.  —  Having  seen  that  the 
highest  limit  of  the  density  of  vapor  b  probalily  at  least  as  ferntf 
as  the  density  of  the  liquid  from  which  it  is  formed,  we  natiumllj 
next  ini^uire.  Is  tliere  any  lowest  limit?  Do  substances  cootiniiff 
to  evaporate  at  all  teni|>eratures,  however  low,  or  id  there  uxm 
limit  of  temperature  at  which  tliey  cease  all  at  onoe  to  enit 
va|X)rs  ?  By  again  n^ferring  to  the  table  of  maximuni  tei»i%i«u 
(|mge  571),  it  will  Ih3  seen  that  even  at  10^  below  the  fnae&nf- 
)K)int  water  forms  a  va]K>r  weighing  2.284  grammes  to  the  cubic 
metre,  and  having  a  teuMion  of  0.2078  c.  m. ;  and  even  at  df 
below  the  fret^ziniri>oint  it  forms  a  vapor  with  a  teuMon  of  0.1^>N> 
c.  m.  It  was  formerly  supposed  that  sul»stanct^s  which  wore  d«^ 
cidtMllv  volatile  at  the  ordinary  temiioniture  continu«*d  t«>  omit 
va|M>r,  however  far  the  toni|K.* nature  mi^ht  Ix^  di'|»n*>seti.alth«Hijr^i 
the  (luantity  In'oanio  loss  and  loss,  until  it  was  inappn*«?ial'lo  \o 
our  sonst»»<.  It  was  oven  thought  l»y  some*  that  fixeil  solid*,  *i.ch 
as  tho  ni«*tals  and  tin'  nx!ks«  pivo  out  a  s^msiMe  amount  of  \\x\»*t, 
so  tiiat  traros  of  tiio>o  substances  wore  alwavH  to  lie  fmuid  ti«a:- 

m 

inir  in  tin*  atnin>phfn'.  Some  n^*4earclu»s  of  Faraday.  hi»»>-^vr. 
ap[M'ar  to  o>tai)lisii  an  op|)o>ito  conclusion.  He  found  that  UKf* 
curv  iravi;  out  a  |K»ro»»ptil»lo  va|K)r  durinf;  the  summor^  liui  ii'»ii' 
(lurinir  tlio  winter  ;  and  also  that  somo  ohoniioal  apMit<»  vbich 
ni:iy  Ik?  volalilizod  at  ti'ni|HTatun?s  alxivo  ITiO'  did  not  und^-r.* 
lln'  ?»liL'lit«'st  ovajMiration  during  four  yoars  at  tho  onlinary  %*x\\* 
|HTatun»  of  tho  air.  Tho  U'st  opinion,  tli«»n»fon\  ap|R*ar>  to  ;• . 
that  tlh-n'  i*i  for  ovorv  lM)dv  a  tt'ni|H*nitnn»  at  whioli  it  c^am**  a^i 
ut  onc'i'  to  ^Mv«?  out  vajKjr.  With  mercury,  this  tcm|icratun!  l*-" 
U'twoon  4*  and  l.V. 
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HEAT  OF  VAPORIZATION. 

(299.)  Latent  Heat  of  Vapor.  —  The  change  of  state  from 
liquid  to  vapor  is  accompanied  with  a  very  great  amount  of  ex- 
pansion ;  thus, 

1  c:m:* of  Water    at   100**  forma  about  1700  S^S;' of  steam  at  lOo! 
1    -    "  Alcohol  **      78.4    **        "        485    «*     «*  vapor  "     78.4. 
1    "    «<   Ether      **     85.6    "        "        357    **    «       «*      **     85.6. 

And,  indeed,  the  heaviest  known  vapor,  that  of  iodide  of  ar- 
senic (j^.Gr.  =  16.1  as  compared  with  air,  or  0.021  as  comr 
pared  with  water),  is  thirty  times  lighter  than  the  lightest  known 
liquid,  eupion  (/^.Crr.  =  0.683).  We  should  naturally  expect 
that  such  great  expansion  would  be  attended  with  a  large  absorp- 
tion of  heat.  A  single  experiment  will  enable  us  to  illustrate 
this  fact,  and  also  roughly  to  estimate  the  amount  absorbed  in  the 
case  of  water. 

Take  a  glass  flask,  and  having  placed  in  it  one  kilogramme  of 
ico-cold  water,  expose  it  to  such  a  source  of  heat  that  equal  amounts 
of  heat  shall  enter  it  during  equal  times.  Observe  carefully  the 
time  wliich  elapses  before  the  water  boils.  We  will  assume  that 
it  is  twenty  minutes.  Observe  also  the  temperature  of  the  water 
and  of  the  steam  which  fills  the  upper  part  of  the  flask.  It  will 
be  found  to  be  100**,  and  both  will  remain  at  this  temperature 
until  the  whole  of  the  water  has  boiled  away.  Continue  the 
boiling  for  fifty-four  minutes,  and  at  the  end  of  this  time  weigh 
the  water  remaining  in  the  flask,  when  it  will  be  found  that 
exactly  one  half  has  been  converted  into  steam  and  escaped. 
We  assumed  that  it  required  twenty  minutes  to  boil  the  water, 
that  is,  to  raise  the  temperature  of  one  kilogramme  of  water  from 
0"  to  100*.  During  this  time,  then,  one  hundred  units  of  lieat 
must  have  entered  the  liquid.  Hence  it  follows,  that,  during 
the  succeeding  fifty-four  minutes,  two  hundred  and  seventy 
units  of  heat  entered  the  water ;  but  this  amount  of  heat  has 
not  raised  tlie  temperature  in  the  slightest  degree,  for  both 
the  water  and  the  steam  have  retained,  during  the  whole  inter- 
val, the  constant  temperature  of  100**.  What,  then,  has  become 
of  the  heat  ?  The  answer  is,  that  it  has  been  absorl)ed  in  con- 
verting 500  grammes  of  water  at  100**  into  600  grammes  of  steam 
at  the  same  temperature.    It  follows,  then,  that  one  kilognunme 
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of  -watCT  at  lOO*  absorbs,  in  changing  into  stcun  of  tlw  aae 
tcni|M!raturc,  MO  units  of  heat.  The  latent  beat  of  Ma-am,  ai 
veil  as  that  of  other  vapors,  can  be  aecortaioed  with  gmt  aero- 
racy  by  moans  of  the  apparatus  roprosented  in  Fig.  42S,  cvnlriTvd 
by  l{rix,*  of  Itcrlia.  It  consistt  of  a  small  glass  rvlort.  it.  o-o- 
nccting  with  a  small  metallic  cylindrical  condenser.  B.  Tli.t 
condenser  lias  an  opening  hito  the  atmosphere  by  tlf  iu*>-  L 
and  is  tiiip|K)rtcd  in  tlio  centre  of  a  larger  cylindrical  Ian.  .1. 
vhich  is  filled  with  water.  A  thermometer  paming  tlirmi^  i 
tubulatiirc  in  the  cover  enables  the  experimenter  to  ol»er*tf  tlie 
temjieraturo  of  the  water,  while  by  agitating  the  water  wjib  the 
uctallic  disk  C,  its  ti 


Inrc  can  be  rendered  unt- 
furm  throughout.  In  «Mh 
dncliug  the  cspcriment.  ibe 
water  around  tlic  coa^ata 

is  Gn-t  couled  a  few  dt-grm 
Itelow  llie  tvmpermiure  uf 
the  atmosphere  ;  then  the 
vapor  is  distillod  orer  ftua 
tlie  retort  until  the  lea- 
perature  of  the  water  hw 
risen  an  equal  numU-r  <'4 
degrees  above  that  i>f  ih^ 
almuitphere.  In  ibi»  »»» 
any  Kjss  of  hi-at  fn-m  tt-- 
water  is  avwid>>«i.  ?ini-"  iIk 
ai>|Miratus  is  fur  an  oiml 
Ivnglh  nf  lini"'  wnrnwr  an-l 
co«iW  than  the  air.  Tl>* 
wi'i^rlit  of  vai¥)r  e<tn>i«'ii-^ 
is  iboti  ascertnintil  \-y  lli* 
li«i-<  ofwoi^'ht  (if  th--  nt-rt. 
and  lh<>  nnmnnt  of  bi-at  evulvcd  by  itf  dtnilensation  i>  r>'»d:tT 
i-nk'nbiti'il  fmni  ibi-  wi>ii;)it  uf  tliv  wuti-r  around  the  ^>lnd•■ll■*'^ 
niiii  ibi'  iiunil«T  of  lU'irn-rs  ttiniiitrh  whieh  it  has  lun-n  b<-al"l- 
Tliis  anioiiiil  iif  iK'iit  I'orn'-joiiMli  lo  iho  latent  heat  of  tlie  »>i«t 
[.Ills  the  lunoiinl  uf  hont  iriv.-n  mil  by  the  condonwil  Mt-am  ia 
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cooling  from  the  boiling-point  to  the  temperature  of  the  con- 
denser. To  illustrate  this  by  an  example,  we  will  suppose  that 
we  know 

The  weight  of  water  around  the  condenser,      .         .        .  500  grammes. 

The  temperature  at  the  beginning  of  the  experiment,  .  12^. 

The  temperature  at  the  end  of  the  experiment,        .         .18". 

The  weight  of  the  water  distilled  over,        .         .  .       4.82  grammes. 

Hence  it  follows  (231),  that 

The  amount  of  heat  which  entered  the  water  equals  .      3        units. 

By  (233)  the  amount  of  heat  required  to  raise  the  temper- 
ature of  4.82  grammes  of  water  from  18"  to  100"  is 
equal  to 0.395     " 

And  hence  the  quantity  of  heat  given  out  by  4.82  grammes 

of  steam  in  liquefying  equals 2.605    ^ 

One  kilogramme  of  steam  would  then  set  free,  in  liquefying,  540  ^ 

It  is  evident  that,  in  these  experiments,  as  in  the  determination 
of  the  specific  heat  by  the  method  of  mixtures^  it  is  necessary  to 
take  into  account  the  amount  of  heat  absorbed  by  the  metals  and 
glass  of  which  the  apparatus  is  made.  This  can  easily  be  calcu- 
lated, since  the  specific  heat  of  these  substances  is  known,  and 
their  weight  can  be  easily  determined.  The  formulas  for  similar 
calculations  have  already  been  given  [158]  and  [169],  and  they 
can  readily  be  modified  by  the  student  for  any  special  case. 

By  means  of  the  apparatus  described  above,  Brix  obtained  for 
the  latent  heat  of  the  vapors  of  several  well-known  liquids  the 
following  values.*  These  values  are,  in  each  case,  the  number 
of  units  of  heat  required  to  convert  one  kilogramme  of  the  liquid 
at  its  boiling-point  into  one  kilogramme  of  vapor  at  the  same 
temperature. 


Lfttont  Hf«t  of 
equal  Weightt. 

UtratHaatof 
equal  Volamef. 

Sp.  Or.  of  Vapor 

at  BolUDgPoint. 

Air  »  1. 

Water,      . 

.     540  units. 

315.05 

0.451 

Alcohol, 

214     « 

348.26 

1.258 

Ether, 

.       90     "      ' 

265.45 

2.280 

Oil  of  Turpentine, 

74     " 

307.00 

3.207 

Oil  of  Lemons, 

.      80     " 

•  Determinations  of  the  latent  heat  of  vapors  hare  also  been  made  bv  Andrews 
(Qaarterlj  Joamal  of  the  (Themicnl  Society,  Vol.  I.  p  27),  by  Despretz,  and  by  Favro 
and  Silbcrmann  (Compfies  Rend  us,  Tom.  XXIIL  p.  524). 
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Since  the  immber  which  expreaaes  tlie  specific  gnni^cf  a 
substance  is  tlu3  same  as  the  weight  of  one  litre  in  kilagrmiMMi» 
it  follows,  that,  if  we  multiply  the  specific  gravity  of  m  rmpor  al  ihi 
boiling-point  (referred  to  water)  by  1,000,  we  shall  obtain  tfat 
weight  in  kilogrammes  of  one  cubic  metre  of  this  vapor  al  ibb 
temperature ;  and,  furthermore,  it  follows  from  what  has  beea 
said,  that,  if  we  multiply  this  weight  by  the  latent  beml  of  tfat 
vapor,  wo  shall  have  the  nimiber  of  units  of  heat  rvquinri  to 
generate  from  these  liquids  at  tlieir  boiling-points  one  cubic  metre 
of  vapor.  Making  these  calculations,  wo  should  o)>tain  tlie  nniD- 
hers  given  in  the  above  table  as  the  latent  keai$  of  equal  rolmme$; 
and  it  will  be  noticed  that,  with  the  exception  of  that  of  eCfaer, 
these  numbers  are  approximatively  equal.  The  same  is  also 
true  of  other  liquids  not  included  in  the  table ;  hence  we  mtj 
say,  roughly,  that  the  same  volume  of  vapor  will  be  produced 
from  all  liquids  by  the  same  ex|)enditure  of  heat.  Xo  importaat 
advantage,  therefore,  could  be  gained  by  substituting  any  other 
liquid  for  water  in  the  steam-engine. 

(300.)  Latent  Heat  of  Steam  at  Different  Temperatmrts.  — 
The  latent  heat  of  steam  has  the  value  given  in  tlie  above  uiile 
only  when  its  tension  is  7G  cm.  and  its  temperature  100*«  whidi 
is  the  case  when  the  steam  is  formed  by  boiling  water  under  the 
normal  pressure  of  the  atmosphere.  If  the  tension  and  temp.*'* 
ature  of  the  vapor  have  greater  values  than  the  above,  th**n  lif 
latent  heat  is  less  than  540  units  ;  and,  on  tlie  olhi»r  han«i.  ;:* 
these  valnes  are  less  than  7G  c.  ni.  and  100°,  then  the  lat4nit  hi-: 
of  the  vaj»or  is  more  than  540  units.  Watt  conclude*!,  fn>m  lu* 
cxjKjriments,  that  the  same  weight  of  va|Mjr  always  contain«-«i  t:.-.* 
same  quantity  of  heat,  or,  in  other  words,  he  suppo^nl  that  iu* 
same  quantity  of  heat  would  convert  one  kilofrramme  of  wuii-r  *; 
0'  into  ont?  kilogramme  of  vaj)or,  whatever  the  ten>ion  ur  irn^ 
|M'ratnre  of  the  vajMir  might  1h».  If  this  were  the  cu«it»,  tlw  *u:- 
of  the  hitent  ami  sensil»l«»  h(»at  of  steam  wonM  l»o  the  *^ini*»  at  a!1 
teni|M*ratun»s,  and  we  biiuuld  have  for  the  latent  heat  the  fvUu»- 
ing  values  :  — 


Trtnp^rAturm.  Lalrat  Ilr«t  of  Vapor. 

0                                      r»ln  units  tV|i> 

r»o                                  ;r.»o     •*  • 

1<MJ                            ;.  lo    ••  • 

2(HJ                                     410      •*  • 
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Among  the  other  numerical  data  connected  with  the  steam- 
engine,  Regnanlt  has  carefully  determined  the  latent  heat  of 
steam  at  different  temperatures  between  5*^  and  IGG"*.  These 
experiments  were  made  with  an  apparatus  constructed  with  every 
possible  refinement,  and  were  conducted  with  the  usual  skill  of 
this  eminent  experimentalist ;  but  for  a  description  both  of  the 
apparatus  and  of  the  methods,  we  must  refer  the  student  to  the 
original  memoir.*  It  was  proved  by  this  investigation,  that  the 
law  of  Watt,  as  the  principle  above  stated  is  frequently  called,  is 
far  from  being  an  exact  expression  of  the  facts,  and,  like  so  many 
other  phenomenal  laws  of  nature,  can  only  be  regarded  as  ap- 
proximatively  true  (compare  page  800).  The  sum  of  the  latent 
and  sensible  heat  of  steam  actually  increases,  although  only  very 
slowly,  witli  the  temperature  ;  and  Regnault  found  that  the 
results  of  his  experiments  were  very  nearly  satisfied  by  the  em- 
pirical formula 

k  =  606.5  +  0.805  / ,  [202.] 

in  which  X  represents  the  sum  of  the  latent  and  sensible  heat, 
while  606.5  is  the  latent  heat  of  the  vapor  at  O*',  and  t  the  given 
temperature.  By  means  of  this  formula,  we  can  very  easily  cal- 
culate the  latent  heat  of  the  vapor  at  any  temperature.  Thus, 
at  lOO*'  we  have  A  =  637,  and  consequently  the  latent  heat  is  637 
units  less  the  number  of  units  required  to  raise  the  temperature 
of  one  kilogramme  of  water  from  0**  to  100**.  By  the  table  on 
page  472,  we  find  that  this  amount  is  equal  to  1.005  X  100  =» 
100.5,  and,  subtracting  this  quantity  from  637,  we  find  the  latent 
heat  of  steam  at  lOO*'  to  be  586.5  units.  In  like  manner,  the 
other  values  in  the  following  table  have  been  calculated. 

The  second  column  of  the  table  gives  the  tension  of  the 
vapor  of  water  in  centimetres.  The  fourth  column  gives  the 
number  of  units  of  heat  required  to  change  one  kilogramme  of 
water  at  0®  into  one  kilogramme  of  vapor  at  /**.  The  third  col- 
umn gives  the  number  of  units  of  heat  required  to  change  one 
kilogramme  of  water  at  t^  into  one  kilogramme  of  vapor  at  the 
same  temperature. 

*  M^moires  de  TAcad^inie  des  Sdencet,  Tom.  XXI. 
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1482.180 
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1789.086 

4tO.I 

07S4 
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107.537 

529.4 
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280 

2092.610 

411.9 

0704 

(301.)  Illustrations.  —  The  fact  that  heat  is  ahoorbed  dviac 
evaporation  is  illustrated  by  many  familiar  phenoroenm.  TIm 
chill  which  is  felt  on  leaving  a  bath  is  caused  by  the  rmpid  eri^ 
oration  of  water  from  the  surface  of  the  skin,  wherebr  beat  is 
withdrawn  from  the  Ixnly.  In  a  similar  way,  the  air  of  a  booted 
room  is  cooled  by  sprinkling  water  on  the  floor.  This  principk 
also  explains  how  man  is  enabled  to  liear  the  aoorcliiiig  beat  of 
the  hottest  climates,  and  even,  if  properly  protected,  lo  enter  to 
oven  heated  above  lOO*",  his  blood  not  exceedinir  40°  ;  a  copioof 
perspiration  is  excited,  which  removes  heat  from  llie  l»odr  &s 
rapidly  as  it  is  received  from  without.  The  pop>us  water-jar*, 
whicli  are  used  in  Spain  and  in  Eastern  countries  to  keop  li«pii*l$ 
C(K)1,  also  owe  their  elhcacy  to  the  latent  heat  of  va|M>n».  TIh^t 
are  made  of  biscuit  earthen-ware,  and  the  water  which  >l»»»lr 
[Hircolates  throuirh  the  walls  and  eva|>orate9  fnmi  the  ^urU4v 
withdraws  so  much  beat  from  tlie  vessel  as  to  retain  tht*  lem- 
|MM*ature  of  th(»  water  consideral)ly  below  the  tem|R*raturv  of  llie 
surroniidinir  air.  The  etfect  is  enhanced  by  placing  tlie  Ur  ui  8 
curnnt  of  air,  which  accelerates  cva|M3ration.  In  like  manner. 
the  evajM nation  from  the  surface  of  the  Inxly  is  incrvas«ed  in  8 
curn'iit  of  air,  and  hence  the  sen>ation  of  coolne^  which  a  drau^t 
pHnlur.'^;  \vhih\  on  the  other  hand,  the  oppression  which  me  fwi 
in  an  atmosphere  saturated  with  moisture  arises  from  the  iic: 
that  thu  <'NajM»ration  is  in  jrrrat  measure  arrested. 

The  bame  principles  may  also  bo  illustrated  by  a  great  varidr 
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of  experiments.    One  of  the  most  striking  of  these  is  that  of 

Leslie,  in  which  water  is  frozen  by  its 
own  evaporation.  A  small  and  shallow 
pan  of  water  is  supported  over  a  dish 
of  sulphuric  acid,  and  under  a  bell-glass 
standing  on  the  plate  of  an  air-pump 
(Pig.  429).  On  exhausting  the  air 
fipom  the  bell,  the  heat  absorbed  by  the  very  rapid .  evapora- 
tion of  the  water  which  ensues  is  so  great,  that  the  larger  por- 
tion of  the  liquid  is  converted  into  ice.  The  sulphuric  acid 
absorbs  the  vapor  as  fast  as  it  forms,  and  thus  accelerates  the 
evaporation. 

A  similar  experiment  can  be  made  with  the  instrument  rep- 
resented in  Fig.  430,  called  the  cryophorus  (frost-bearer).  It 
consists  of  two  glass  bulbs,  connected  together  by  a  long  tube, 
one  of  which  is  partially  filled  with  water.  In  making  the  in- 
strument, it  is  hermet- 
ically sealed  while  filled  /^ 
with  steam,  so  that  on 
cooling  a  vacuum  is  left 
above  the  water,  except 
in  so  far  as  the  space  is 
filled  with  vapor.  If  now  the  empty  bulb  is  surrounded  by  a 
freezing-mixture,  this  vapor  is  condensed  as  fast  as  it  is  formed, 
and  a  very  rapid  evaporation  ensues  from  the  surface  of  the  water 
in  the  first  bulb,  which  soon  reduces  the  temperature  of  the  liquid 
to  the  freezing-point.  Even  more  marked  effects  than  these  can 
be  obtained  by  the  evaporation  of  very  volatile  liquids,  like  ether 
or  sulphide  of  carbon.  The  rapid  evaporation  of  ether  poured 
upon  the  hand  occasions  a  very  distinct  sensation  of  cold,  and 
water  can  be  frozen  by  the  evaporation  of  ether  from  the  surface 
of  a  glass  bulb  covered  with  muslin  and  kept  moistened  with  the 
liquid.  If  the  evaporation  is  accelerated  by  placing  the  apparatus 
under  the  receiver  of  an  air-pump,  even  mercury  can  be  frozen  in 
this  way.  Indeed,  an  apparatus  has  been  invented  for  making 
ice  in  warm  countries,  by  the  evaporation  of  ether  in  a  partid 
vacuum. 

The  principles  of  latent  heat  can  in  no  way,  however,  be  more 
strikingly  illustrated  than  with  liquid  carbonic  acid.  When  this 
highly  volatile  liquid  is  allowed  o  the  air,  it  evap- 
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oratc9  with  f^uch  rapidity,  as  has  been  stated^  that  the  Urftr  par> 
tion  of  it  almost  inytaiitancouslj  frcexes.  This  frmen  eaHMuc 
acid  can  easily  \re  obtained  in  large  quantities  by  memns  of  tlir 
apiiaratus  of  Thilorier.  From  the  valve  of  the  receiver  B.  Ftf . 
42o,  a  tube  descends  to  near  the  bottom  of  the  vesvel,  so  that*  sa 
opening  the  valve,  the  liquid  is  forced  out  by  tlie  tenskm  of  ^ 
gas  in  the  interior.  A  cylindrical  brass  box,  O,  connected  vith 
the  valve,  of  the  receiver  by  the  coupler  L  (which  fits  in  tb^ 
socket  ^^)^  and  so  constructed  as  to  break  the  force  of  the  rt, 
receives  the  liquid  as  it  issues  from  the  receiver,  and  mmni  Iv^ 
conies  filled  with  solid  carbonic  acid,  which  rewmhle»,  in  itt 
general  a[>peanince,  freshly  fallen  snow.  This  experinM^t,  it  will 
be  noticed,  is  analogous  in  principle  to  that  of  Lesdie,  in  whidi 
water  was  frozen  by  its  own  evaporation. 

A  further  illustration  of  the  principles  of  latent  heat  is  aflnrM 
by  tlie  fact,  that  the  solid  carl)onic  acid  —  if  in  connderaMe  qoaa* 
tity  and  surnmndrd  by  jMM)r  conductors  —  may  be  kept  expo«rd  lo 
the  air  for  hours  l>ofore  it  entirely  disappears.  Although  exc«w>d- 
in^^ly  volatile,  it  eva|K)rates  only  slowly,  for  the  same  reason  tiiat  a 
bank  of  snow  melts  gradually  during  a  warm  spring  day.  TW 
noi)-<>ou<iuctin«r  nature  of  the  vessel,  and  of  the  atmostphere  of  gv 
whi<*h  surrounds  it,  j»n*vtMits  the  absor|>tion  of  the  iK'at  which  n 
n«M*os'irv  for  the  flumirt'  of  state.  If,  however,  it  ii*  bnmsrht  int.' 
(•lo^r  r(iiita<*t  witli  a  i:«MMi  condurtor,  like  metallic  nn'n'un',  tin*  r»- 
j>i«lity  of  its  rva|H.>r.itiou  is  jm*ally  aoc«'leratetl,and  thr  ltMn|R»n!:ir^ 
of  tin*  sul>^taiH'e  rfduftMl  to  that  of  the  M»lid  gas,  which  ha*  U-n^n 
<»»»tiiii:it«'«i  a*i  low  as  — W  (\  In  this  wav  lanr«*  masse*  nf  m*»n-urT 
can  «'a*«ily  Im'  frnz^n.  A  L'n'at«'r  d«'irnv  of  cohl  can  Ik?  obtain**^:  *j 
jnixinL'  tin'  *«oliil  lms  with  a  littlr  t'thiT,  whirh  fonns  with  it  a  ••■m- 
ihii'l  ina-'S  raj»al»l«»  of  iH'inir  i»roui:ht  in  cIomt  cohta«'t  with  •'.'• 
htantM'N,  anil  tlms  p'lnovini:  thrir  h«Ml  nion*  rapidly.  A  *till  irr»-a:«T 
d«"/i«M'  nfiMltl  \va*i  |»nMliiitM|  hy  Faraiiay,  by  plaeinir  thi-*  nk.itii**' 
un'l'-r  tin*  nMi«i\.r  nf  an  air-pump  tVoni  whirh  the  air  and  j-i^**  •;* 
r.irlMMii«*  jiriti  wrr-'  r:ipi<lly  nMn«»v.Ml.  An  alcohol-th^^mi-^TiKt-T 
pi  h'.mI  ill  this  nii\tnr«'  siiik<  to  the  t<»m|»*ratun»  «»f  — 11«'*:  i! 
lhi«^  Imw  t«-in|H'ratur«'  th«'  niixtun*  of  Kolid  rarUinie  arid  and  ^-tb^ 
i«*  M"!  niMii'  \nlatil«'  than  Jthohnj  at  th«»  opiinarv  t»»mi«fnitur^ 

Similar  •'\p«'rim«'nts  cim  ).«»  mad**  Mith  tli«»  li«)uid  pn>t.>x- i- 
of  niip»tr««n.  uhirli  is  nhtainrd  in  Hianrhi'i  npru)ratu«.  A*  thi* 
d<M»s  not  trrc'/e  so  readily  as  li<|uid  carlKuiic  acid,  it  e^n  be  drawn 
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out  from  the  condenser  in  a  liquid  state,  and  retains  its  condition 
when  exposed  to  tlie  air  longer  than  solid  carbonic  acid.  It  can 
readily  be  frozen  by  its  own  evaporation,  and  it  furnishes  the 
means  of  producing  the  lowest  temperature  yet  attained.  When 
mixed  with  solid  carbonic  acid  and  ether,  it  produces  a  cold  so  in> 
tense,  that  absolute  alcohol  exposed  to  it  assumes  the  consistency 
of  a  thick  oil,  and  a  thermometer  immersed  in  a  bath  formed 
by  mixing  this  liquid  with  sulphide  of  carbon  was  observed  by 
Natterer  to  fall  to  — 140"  when  the  bath  was  placed  in  vacuo. 

(802.)  Applications  of  the  Latent  Heat  of  Steam.  —  The  great 
amount  of  heat  which  steam  contains  renders  it  exceedingly  val- 
uable in  the  arts  as  a  heating  agent.  Water  may  be  heated,  and 
even  boiled,  in  wooden  tanks,  by  blowing  steam  into  it,  or  by 
causing  the  steam  to  circulate  through  a  coil  of  copper  pipe  at 
the  bottom  of  the  tank.  Buildings,  also,  are  very  frequently 
warmed  by  the  heat  of  steam.  The  steam  generated  in  a  boiler 
placed  in  the  basement  is  conveyed  by  iron  pipes  to  the  differ- 
ent apartments.  There  it  is  condensed  to  water  in  a  coil  of 
iron  pipes,  or  in  a  condenser  of  some  other  form,  and  the  heat 
thus  set  free  is  radiated  from  the  iron  surface  of  the  condenser. 
Steam  is  likewise  used  as  a  source  of  heat  in  the  process  of  distil- 
lation, especially  when  the  substance  to  be  heated  is  liable  to  al- 
teration from  too  high  a  temperature.  For  this  purpose,  the  walls 
of  the  still  are  frequently  made  double,  and  the  steam  admitted 
between  the  two.  It  is  sometimes  found  advantageous  to  blow  the 
steam  through  the  mass  of  liquid  in  the  still,  in  which  case  the 
volatile  product  passes  over  in  vapor  mixed  with  the  steam,  and 
the  two  are  condensed  together  in  the  worm  or  receiver.  This 
metliod  is  constantly  used  in  the  distillation  of  volatile  oils  from 
organic  materials.  Sometimes  the  steam  is  highly  heated  by 
passing  it  through  red-hot  tubes  before  it  is  introduced  into  the 
still.  In  this  way  the  fat  acids  and  many  other  substances  can 
1)0  distilled,  which  could  not  be  distilled  in  the  ordinary  wtjy. 
This  method  is  in  fact  the  basis  of  an  important  process  used  in 
the  arts  for  decomposing  tallow  and  other  fats,  and  extractii:g 
from  them  the  fat  acids  and  glycerine,  substances  which  are  u^ed 
in  the  manufacture  of  candles  and  of  s( 

(808.)  Spheroidal  Condition  of  Lit  s. — It  has  already  been 
stated,  that  when  a  liquid  is  dropped  K)n  a  heated  surface,  the 
temperature  being  made  to  ^  aature  of  the  liquid,  it 
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ueumcs  Iho  spheroidal  conditkm,  and  rolb  roond 
ou  the  surfaco  liko  ^obalet  of  mcrciu;  on  a  pone- 
lain  plate  (Fig.  4S1).     It  was 
^^^^^  also  Gtatod,  tliat  the  tompenture 

^^^pB  of  the  liquid  in  tliis  condition  is 

III  constant,  and  alvajs  belov  its 

J       ^^1  boiling-point.     This  bet  can  be 

^""T^^^^^  proved  by  testing  the  tempei*- 
tiiro  with  a  tlienuometcr,  as 
shown  in  Fig.  432.  The  following  table  shows  in 
each  case,  first,  tho  temperature  at  which  the  liquid 
assumes  tho  spheroidal  condition  in  a  heated  eilrer 
capsule  ;  and,  secondly,  the  temperature  of  the 
liquid  white  in  this  coaditiuo :  — 


Water, 
Alcuhol,    . 
EiIkt,  . 
Sulphurous  Acid, 


96JI 
74.8 

—10^ 


—10 


When  in  the  spheroidal  condition,  tho  globules  of  liquid  havt 
a  ^ynUory  motion  on  tlio  bottom  of  the  capsule,  and  not  oolr 
dous  tliu  liquid  not  lH>il,  but  it  evaporates  vastly  mnrv  slowly 
than  whon  it  is  in  acluitl  cbullitioii.  If  tito  source  of  li««t  is 
rt- mo  veil,  the  teniiicrature  of  llic  capsule  will  fall  until  a  |><>inl  is 
n'ucliL-il  at  wliicli  tho  liquid  wets  tlie  moultic 
yiirfiii'o,  and  then  the  liquid  will  luil  riolenily, 
mil)  1)0  thrown  in  all  directions  with  alm<r>t  n- 
plosivo  viuk'ucc  (,Fi^.  4^3).  Thia  singular  pli«- 
iioiuciiou  can  also  be  shown 
I>y  |>uiiring  a  email  quautily 
of  wut.T  into  a  thick  copjier 
Husk  iiitciiM'ly  huatetl,  and 
orking  tlic  lU.-k  while  tho 
^  the  sphoioiditl  cuiKlitioii.  Vor 
a  tinii-,  nil  n.-nininN  qniot ;  hut  when  tlio  llu>k 
Ii;i-  riH.l.d  siitliciciitly,  the  water  will  Iw  sud- 
d-iily  nmviTtfd  into  stoaiu,  and  tho  cork 
thi'uvri  <viit  with  pn-at  vioI.mico  (Fig.  434). 
It  bun  also  been  proved  lliat  a  liquid,  when 
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in  a  spheroidal  condition,  is  not  in  contact  with  a  heat«d  but- 

&ce.     Boutigiiy  was  able  to  see  the  flamo  of  a  candle  between 

aglobule  of  water  rendered 

opaque  bj  lampblack  and 

the  heated  surface  on  which 

it  rested  (Fig.  435)  ;  and, 

tnoreoTor,  Wartmann  and 

Poggendorff  found  that  a 

current  of  electricity  would 

not  pass  between  the  liquid 

spheroid  and  the  metallic 

disk. 

The  explanation  of  these  nngular  phenomena  has  already  been 
in  part  given.  We  have  seen  that,  whenever  by  the  action  of 
heat  the  adhesion  of  a  liquid  to  the  surface  on  which  it  rests 
becomes  less  than  twice  as  great  as  the  cohesion  between  the 
liquid  particles  themselves,  the  liquid  will  no  longer  moisten  tlia 
surface,  and  we  can  readily  conceive  that  it  may  be  even  re- 
pelled by  it,  and  with  a  force  siifhcieutly  great  to  overcome  the 
weight  of  the  liquid  mass.  That  such  a  repulsion  really  exists 
Boutigny  proved  by  two  curious  experiments.  He  poured  water 
into  a  basket  made  of  platinum  wire-netting  and  heated  to  redness, 
and  found  that  the  liquid  did  not  drop  through  the  interstices. 
He  also  whirled  round,  ip  a  sling,  a  heated  capsule  containing  a 
liquid  globule  in  the  spheroidal  state,  and  foiuid  that  the  cen- 
trifugal  force  was  not  able  to  compel  contact.  Assuming,  then, 
that  tlie  liquid  globule  is  sustained  at  a  small  distance  above  the 
heated  surface  by  the  repulsive  force  of  heat,  it  is  easy  to  explain 
the  rest.  The  vapor  forming  on  the  lower  surface  of  the  sphe- 
roid would  raise  it  still  further  from  tlie  lieated  metal,  and,  escap- 
ing unequally  around  the  contour  of  the  spheroid,  would  tend  to 
give  to  it  its  singular  motions.  Then,  again,  since  the  liquid 
is  not  in  contact  with  the  source  of  heat,  it  can  only  be  heated 
by  radiation.  Now  a  part  of  the  rays  of  heat  will  be  reflected 
from  the  surface  of  the  liquid  ;  and,  moreover,  the  greater  part  of 
tliose  which  penetrate  it  will  pass  through  it  without  Ikciiig  ab- 
sorbed. It  is  evident,  then,  that  the  spheroid  will  retain  but  a 
small  portion  of  the  heat  radiated  from  tlio  walls  of  the  metallic 
capsule;  and  since  it  is  all  tlie  time  losing  heat  by  evaporation, 
62 
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it  is  not  wonderful  tliat  its  temperature  should  be  reduoed 
degrees  below  the  boiUng-point. 

By  following  out  the  principles  of  this  section  to  their 
consequences,  we  are  able  to  produce  some  rerj  jmrmiodkd 
effects.  It  has  before  been  stated,  that  water  maj  be  ffom  bf 
pouring  it  into  liquid  sulphurous  acid  while  the  Utter  b  ia  the 
spheroidal  condition,  although  the  capsule  containing  it  may  ht 
red-hot.  So  also,  by  substituting  for  liquid  sulphunms  mdi  the 
mixture  of  solid  carbonic  acid  and  etiier,  even  merrury,  plaeri 
within  the  red-hot  capsule  in  a  small  platinum  crucible^  may  ht 
frozen  with  equal  certainty.  Tlie  wonder  disappears  fttm 
phenomena  when  we  know  that  these  highly  volatile  liquM 
not  in  contact  with  the  heated  sur&ce  of  the  capsule,  bt  dwy 
simply  produce  the  same  effects  in  their  spheroidal  conditaoii  that 
they  would  under  otiier  circumstances.  A  still  more  paradoxicil 
result  can  be  obtained  with  liquid  protoxide  of  nitrogen.  P«jr 
this  ex|)erimcnt,  the  liquid  should  be  drawn  into  m  tube  f«>- 
pended  in  a  bottle  containing  a  few  lumps  of  chloride  of  cal- 
cium, by  means  of  a  cork  adjusted  to  the  neck.  Without  tUi 
precaution,  the  moisture  of  the  air  would  condense  as  boar-6«C 
on  the  tube,  and  render  the  wall  opaque.  If  we  pour  sotne  hmt* 
curv  into  this  tul)o,  it  will  sink  to  the  bottom  and  imniediatetr 
fi^ceze.  On  the  other  hand,  if  a  piece  of  burning  dmreoai  b 
droppiMl  in,  it  will  float  on  tlie  li(}uefied  gas,  which  will  aMume 
tlie  spheroidal  con<lition  around  it ;  but,  moreover,  what  i*  x^rr 
remarkalile,  the  charcoal  will  burn  with  the  usual  intense  l»rl- 
liancy  in  the  |)rotoxi(ie  of  nitrogen  gas  which  surrouudu  it.  and 
we  shall  thus  have  in  the  same  test^tuln}  burning  charcocd  sliA 
frozen  nn'reury.  But  jM'rhaps  the  most  marvellous  n*>ull  i?»  the 
impunity  with  which  the  moistened  hand  may  lie  dippt^i  \ui\ 
m«*lt«Mi  lead,  or  even  into  molten  cast-iron  as  it  Hows  fn>m  ihc 
lurn'u'c.  In  tht*se  cases  tlu»  adhering  moisture  is  <NMivt*rlt^l  inti) 
vajKT,  which  forms  an  <Miveloj»e  to  the  skin  sufficiently  ih»ft- 
ct»n«I.Mtnii:  to  prev«'nl  the  tnui^mis^ion  of  any  injurious  quauUtj 
ut'  lu  Ml  during  the  short  ]>eriod  of  the  immcntion. 
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8TEAM-EN0INE. 

(804.)  It  would  lead  us  beyond  the  design  of  the  present 
work  to  enter  upon  any  detailed  description  of  this  wonderful 
application  of  the  laws  of  vapors.  We  shall  only  be  able  to 
point  out  the  general  principles  of  the  machine,  and  to  illus- 
trate by  figures  some  of  its  most  important  forms.  It  has  al- 
ready been  sliown,  that  when  water  is  confined  in  a  vacuous 
space,  this  space  becomes  filled  with  vapor,  whose  tension  de- 
pends on  the  temperature,  and  rapidly  increases*  as  the  tempera- 
ture rises.  It  is  the  object  of  tlie  steam-engine  to  convert  this 
tension  into  mechanical  effect.  Every  steam-engine  must,  then, 
consist  of  two  parts :  first,  the  boiler ,  in  which  the  steam  is  gen- 
erated ;  secondly,  the  machine  proper,  by  which  the  tension  of 
the  steam  is  made  to  do  mechanical  work.  We  shall  do  well  to 
examine  the  various  forms  which  are  given  to  these  parts  sepa- 
rately. 

(305.)  The  Boiler. — The  form  of  the  steam-boiler  varies  very 
greatly  with  the  purposes  to  which  it  is  to  be  applied,  and  on  its 
proper  construction  the  safe  and  economical  working  of  the  ma- 
chine in  great  measure  depends.  The  boiler  is  the  origin  of  the 
power ;  it  is  where  the  heat  evolved  by  tlie  burning  combustible 
is  combined  with  water,  to  reappear  in  the  expansive  force  of 
steam.  The  machine  proper  merely  transmits  this  force,  and, 
like  any  other  machine,  it  can  neither  increase  nor  diminish  it, 
except  so  far  as  the  force  is  expended  in  overcoming  friction  or 
other  resistances  in  the  machine  itself. 

The  two  chief  requisites  for  a  steam-boiler  are  evidently,  first, 
the  strength  required  to  resist  the  expansive  force  of  the  steam 
without  an  unnecessary  expense  of  materials  ;  and,  secondly,  the 
capability  of  furnishing  the  amount  of  steam  required  by  the  en* 
gine  in  any  given  time,  with  the  smallest  possible  expenditure  of 
fuel.  The  boilers  are  usually  made  of  plates,  either  of  wrought- 
iron  or  of  copper,  riveted  together,  and,  when  necessary,  are 
strengthened  by  cross  iron  stays  in  the  interior.  Copper  is  the 
best  material,  but  iron  is  almost  invariably  preferred  on  account 
of  its  cheapness.  The  thickness  of  the  plates  is  made  such  that 
the  boiler  will  resist  a  very  much  greater  tension  than  any  to 
which  it  can  ever  be  expected  to  be  exposed. 

It  is  generally  assumed,  that,  in  order  to  supply  a  steam-engine, 
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85  litres  of  water  must  bo  evaporated  in  tlio  boikr  each  Imor  (or 
every  horse-iK)wer,  Now,  we  know  that  at  lea3t  G.*0  X  3a  mt 
22,750  units  of  heat  are  required  in  order  to  oonvert  SS  kil»* 
grammes  of  water  into  steam ;  and  this  amount  must  tliewfaw 
be  transmitted  during  an  hour  through  the  boiler-plates  furervrr 
horse-|K)wer  of  the  engine.  But  since,  even  through  tin;  be< 
conductors,  heat  is  transmitted  with  extreme  slowuotw,  to  larp 
a  quantity  can  only  be  made  to  pass  by  exposing  a  largo  »urtev 
to  the  action  of  the  flame.  Hence  tlio  extent  of  tlio  kraiiaf^  nr- 
face^  and  not  tlte  amount  of  water  contained  in  m  lioilrr,  ui  tlw 
measure  of  its  capacity  to  generate  steam.  It  is  tlio  gviicral  rule 
to  allow  about  1.7  square  metres  of  heating  surfiioo,  miid  abost  70 
s<|uarc  centimetres  of  grate-bars  to  every  liorse-power. 
in  order  to  obtain  the  full  effect  of  the  combustible,  it  is 
tliat  the  heated  products  of  combustion  should  be  kept  in  om* 
tact  witli  the  surface  of  the  boiler  until  tlio  tcmpcrmtnra  of  the 
smoke  is  reduced  as  nearly  as  possible  to  that  of  the  waler  in 
the  boiler.  This  is  accomplished  by  makuig  tlio  smoke  cirailate 
through  tortuous  flues  in  contact  witli  tlio  suriaoe  of  the  hoifer. 
Tlie  quantity  of  heat  produced  by  the  buniing  combustible  k  hr. 
however,  from  being  entirely  economized.  It  has  been  found,  bv 
ex|M*rimont,  that  tlio  whole  amount  of  heat  evolved  by  buniiac 
one  kilo^rannne  of  iMtuniinous  coal  is  e<)ual  to  alK>ut7«5f>>  units 
which  would  change  into  steam  ^^^  ^  11.5  kilogram n)t*«  of 
Wiit*T,  if  it  all  pass4'*l  through  the  boiler-plaU^s  into  th«»  wat»*r : 
but  s<)  much  heat  is  lost  )»y  incompl<*te  combusti(»n«  by  nidiati*in. 
bv  conduction  throukrh  tli<^  mass  of  the  furnace,  and.  fiu^tllv.  c  r 
the  smoke,  which  must  )h.»  discharged  into  tlio  cliimiiry,  yi.W 
lieatrd  to  hetween  200"*  and  400**  in  order  to  sustain  the  dniujr^.t, 
that  practically  o\u*  kilogramme  of  coal  will  not  e%*a|«irati'  ni-'pr 
Chan  from  five  to  seven  kiloirrammt^s  of  wati»r  with  the  U-*i  o»u- 

strueted  funuu*i»*<. 

The  condition!!  of  efTii'it'ut  »••• 
tion  just  considrnMl  an*  U***!  emu- 
hiiitni  in  what  is  t«*nu«-«l  th**  i'<»ni- 
InIi  Unler,  wliicli  is  n^pn^^'nt***!  in 
Fiir.  4'M.  It  is  cvlin«lnral  in 
form,  fns|u«»ntly  ovor  forty  ftvi 
ill  IfULTth,  and  (t\nn  five  to  wi«*n 
Fir  491  fiH.'t  in  diameter,  with  two  flufK 
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vliich  extend  the  whole  length  of  the  boiler ;  they  are  perfectly 
cylindrical,  and  of  suiScient  magnitude  to  admit  a  furnace  in 
each.  After  the  heated  gases  have  traversed  tliese  iron  flues, 
tbey  are  returned  around  the  surface  of  the  hoiler  by  external 
flues  made  in  the  brick-work  which  supports  it.  The  circuit 
irhich  the  hot  gases  perform  in  contact  with  tlie  boiler  surface  is, 
not  unfrequently,  150  feet  long,  and  the  heating  surface  exposed 
to  tlieir  action  over  3,000  square  feet.  Another  form  of  boiler 
much  tiscd  for  stationary  engines  in  France  is  represented  in 
Figs.  437  and  438.    This  boiler  is  also  cylindrical,  but  in  the 


place  of  the  internal  flues  used  in  the  Cornish  boiler,  the  heating 
surface  is  increased  by  means  of  two  tubes  bouilleura,  B,  Fig. 
437,  which  are  connected  with  the  main  cylinder  by  the  vertical 
tubes  P,  P,  P.  The  flame  of  the  furnace  plays  directly  against 
the  tubes  bouUleura ;  the  heated  gases  arc  then  returned  tinder 
the  main  cylinder  in  the  flue  O,  Fig.  438,  and  are  finally  dis- 
charged into  the  chimney  t)irough  the  side  flues  z,  x,  wliilc  a 
damper  at  R  serves  to  regulate  the  draught. 

With  a  stationary  boiler,  economy  of  fuel  is,  as  a  general  rule, 
the  great  desideratum ;  and  in  most  cases  tlmt  form  can  bo  given 
to  it  by  wliicli  this  end  is  best  attained.  It  is  diflercnt  with  tlio 
boiler  of  a  steamsliip  or  of  a  locomotive  engine.  With  the  first, 
economy  of  fuel  is  also  the  primary  consideration,  because,  other- 
wise, long  voyi^s  would  l>o  impossible  ;  but  economy  of  space 
must  also  be  considered,  and  it  is  therefore  essential  that  the  mte 
of  the  boiler  should  be  restricted  to  quite  narrow  limits.  With 
the  locomotive,  on  the  other  hand,  speed  is,  as  a  general  rule,  the 
great  object,  and  this  must  bo  attained  at  anj  c       of  fuel.     But 
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speed  implies  a  reiy  rapid  consumption  of  rtMun,  liiioe  fix*  ttcn 
revolutiuu  <^  the  driving-wheel  of  a  locomotive  ita  two  crliiii^in 
must  be  filled  aud  Tented  twice  ;  hence  the  chief  requuiie  U 
a  locomotive  boiler  is,  tliat  it  should  gononte  the  gnaiot  pg>- 
sible  amount  of  steam  in  a  given  time,  lu  all  ewe*,  the  n^ 
chinist  endeavors  to  combine  tlie  requisito  conditioiu  a>  welt  tt 
the  circumstances  admit,  and  the  efficiency  of  his  engiue  iepeait 
in  great  meatmre  on  his  success.  Unfortunateljr,  be  is  guxM 
almost  entirely  by  empirical  rules  ;  and  there  are  few  braacha 
of  practical  art  in  which  so  much  romains  to  be  dctcrmioed  tad 
improved,  aud  scarcely  any  which  theoretical  acicuoe  luu  done  » 
Httlo  to  advance. 

The  usual  form  given  to  the  boiler  of  a  locoawUve  it  rqn- 
sented  in  Fig.  439.  The  furnace  A,  called  tbejfrr^OLT,  is  wiihia 
the  boiler,  aud  mrnniBdcd 
by  water  except  at  the  dour 
J>  and  at  the  adt^L  TW 
flame  is  ooodacted  from  thii 
fire-box  to  the  rwtpkt-tnx  B 


through  a  Urge  muiJier  t/ 
brass  tubes,  which  are  aH 
surruimdod  by  t)ie  wuer  U 
the  Ixiiler.  There  it  i»vu 
with  a  jet  of  steam  oomiu 
from  the  cylindon>.  vhicii 
creates  a  ftronp:  draught  and  drives  tho  waste  gast.-s  up  the  clvai- 
iiev.  Tho  li'>iler  of  u  locumolivo  is  durmituuted  by  tht:  »h-»3- 
diiine,  /:.';  unci  u  tiilio  with  a  funiiel-nliaped  orifice,  u{ioiiiug  lu^i: 
the  tiiji  (jf  this  dunic,  receives  the  steam  and  convoys  it  tu  ti.-' 
cyiiiiiliT-*  ihniu^h  F.  Tliis  arnin(!tHuent  prevcntu,  i.i  «  ^4; 
di'gn-i-,  llm  vpniy,  which  rises  from  the  water  of  the  IhnI-: 
anil  is  nii\>-il  with  the  ^t<■anl  in  tho  upper  part  uf  it.  f:^<c: 
n'iii'hini;  tho  rylindi'nt ;  as  tlie  stcum  aticvuds  tlie  steant-duoir. 
litis  ^Il^ly  fulls  buck,  and  nothing  but  pure  steam  cutcn  \i' 
tulx;. 

Th<;  »li'iini-t")iler  is  ulwny?(  [inivithil  with  several  appeodari 
for  the  pnr{NiM.-  of  n'truliitiiig  the  ({uanlity  uf  wrUt,  fitr  iih-» 
uriiii:  the  Ifii-ioii  nf  the  !-ieum,  and  for  preventing  d-e  a«i»- 
miihiti'in  uf  u  pressure  which  wuuld  endanger  Uk-  safety  of  the 
boiler. 
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It  is  essential  for  the  good  working  of  the  boiler,  that  the 
water  should  always  cover  the  whole  heating  surface;  hence 
it  must  be  maintained  above  the  level  of  the  flues.  The  water 
18  supplied  to  the  boiler  through  the  pipe  a  (Fig.  437),  which 
reaches  nearly  to  the  bottom.  This  pipe  communicates  either  with 
an  elevated  reservoir,  or  with  a  force-pump  moved  by  the  engine, 
the  size  of  the  pump  being  so  adjusted  that  the  amount  of  water 
forced  into  the  boiler  during  a  given  time  shall  be,  as  nearly  as 
possible,  equal  to  that  which  escapes  in  the  condition  of  steam 
through  the  steam-pipe  v  during  the  same  interval.  This  adjust- 
ment, however,  is  necessarily  imperfect ;  and  hence  a  great  variety 
of  inventions^  by  which  the  supply  of  water  is  regulated  automati- 
cally, and  made  to  depend  on  the  position  of  the  water-level  in 
the  boiler.  Various  contrivances  are  in  use  for  indicating  to  the 
engineer  the  height  of  the  water.  One  of  the  simplest  of  these  is 
the  glass  gauge  represented  at  n  (Fig.  487).  It  consists  of  a  thick 
glass  tube  firmly  cemented  into  iron  caps,  by  means  of  which  it 
communicates  with  the  interior  of  the  boiler.  It  is  so  placed, 
that,  when  the  water  is  at  the  proper  level,  the  lower  end  shall 
open  below  the  surface  of  the  water,  and  the  upper  end  above  it ; 
consequently,  the  water  will  always  stand  at  tlie  same  level  in  the 
tube  as  in  the  boiler.  Anotlier  kind  of  indicator  is  represented  at 
/'.  It  consists  of  a  float,  which  is  connected  with  a  counterpoise 
by  a  metallic  wire  passing  over  a  pulley,  and  through  a  packing- 
box  in  the  top  of  the  boiler.  The  position  of  the  level  of  the 
water  is  indicated  either  by  the  position  of  the  counterpoise,  or  by 
a  needle  attached  to  the  axis  of  the  pulley,  and  moving  over  a 
graduated  disk.  Some  boilers  are  also  provided  with  an  alarm- 
whistle,  S,  so  arranged  that  it  is  opened  by  the  float  /  when  the 
level  of  the  water  falls  too  low. 

The  tension  of  the  steam  in  the  interior  of  the  boiler  is  indi- 
cated by  a  manometer,  which  may  be  either  of  those  already 
described  (Figs.  104,  278,  or  279). 

In  order  to  limit  the  tension  of  the  steam,  every  boiler  is  fur- 
nished with  one  or  more  safety-valves,  represented  at  P  (Fig.  437), 
and  also  in  detail  in  Fig.  440.  The  valve  is  kept  closed  by  the 
weight  P,  acting  on  the  lever  0,  and  this  weight  is  so  adjusted 
to  the  area  of  the  valve,  that  the  valve  will  open  as  soon  as 
the  tension  of  the  steam  exceeds  a  limited  amount.  The  area  of 
the  valve  is  adjusted  to  the  ex         of  ^  ing  surface  of  the 
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boilor,  and  to  the  muimum  tension  at  which  tlw  boOor  eu  be 
worked  with  safetjr.    It  is  determiaed  bj  meuu  of  the  empiriol 

formula, 

in  whicli  d  is  the  diameter  of  the  ralve,  S  the  area  of  tlw  hnuiiif 
surface  of  the  boilor,  and  H  the  maximum  tenrion  of  the  *ma. 
It  bos  bceu  found  that  a  valve  with  the  dimennoDS  given  \n  ihii 


fonnula  will  allow  all  the  steam  to  escape  which  can  Ik  g 

Xtj  tlie  moKt  active  fire  ;  but,  for  greater  secoritf,  a  boiler  u  p»- 

erally  provided  with  two  valves  of  these  dimensions. 

Wo  can  also  limit  the  tenoion  of  the  steam  hj  fixing  a  limU  to 
its  ton)i>eralurc.  Thi^  can  1)C  done  by  closing  a  tubuUmre 
adajitod  to  the  ii|»im.t  part  uf  the  trailer  with  a  pUle  nisd«  of 
fii^iUlc  iilloy,  wliDsi;  |ir<>)>i>r(iims  huvc  licen  w>  adjuNtiil  ( i^7if  thit 
it  sliiill  ini'lt  wIk-li  till!  bU'itm  atUiiiis  tho  t('m|M>ratun'  which  r»r- 
r<!S|K>iids  tu  till-  iii^xiiniim  tension  which  the  lioiler  is  raVulat>-d 
to  siislaiii.  'riii!!i  )iUi1v,  wliii  li  \»  ijuito  ))ri(tlc,  is  hi-ld  in  ii.*  |ilaoe 
by  an  iron  ccilkr,  and  { in i tested  by  an  irun  grutintr.  whii-h  ra*- 
bU's  it  to  n-sist  tlic  [in-ssnro  of  tlio  ctcam.  The  use  itf  Oir* 
]ilali-s,  Iiim-cvrr,  is  liaMe  to  wrions  objii-tions.  Tlioy  not  va\j 
n:ii<i<T  tbc  iNiilcr  nnsiTvit'i-able  fur  llie  linio,  if  llicy  yi<-M.  \<al, 
nmri'iiviT.  till-  ni<'ltiii;;-))<iint  of  tbc  |>1at«  '\*  liable  tu  a  chaafir 
from  ilic  fli'inniiciii  of  tlic  nion^  fiisil>li'  niclul. 

(:;or,. )  y>,„)^,L<M,w.-i  ,>/  St,iim-ll,>ilrrt.~\»  in  tlic  U-t  iw*- 
tion  ttii-  dimi-n-ioii^  nf  tb<-  sii-iiin-)Niilt>r  were  givi-n  in  Kivarb 
nii-iu<ur<-,  it  may  In-  well  io  ikM  ibi>  following  Kiiglinh  dau.  taken 
from  till'  Kni'yi-li>|i»'i|i;i  Itritannicu.  Article  Sleam-Kntri^f-  {fv- 
misiiif;  tbut  by  a  hortr-jnuri-r  is  meant  a  force  of  that  intt^«ity 
wbioli  will  rui^c  Kt.lM)!)  |Nmiids  one  foot  |>or  minute,  or  Deariv 
2,Ol>O,0UO  |>uiindji  one  foot  i>cr  bour. 
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Conditions  for  each  Hone-Power.  g^SSSd.      bJ^ 

Qaandtj  of  water  to  be  evaporated  pec  hour  in  cubic  feet,  1  1 

Volume  of  water  in  boiler  in  cubic  feet,         .         •        •  10  or  more. 

Volume  of  steam  in  steam-chamber  in  cubic  feet,       .  10  or  more. 

Area  of  fire-grate  in  square  feet,           ....  1  2 

Area  of  heating  surface  in  square  feet,     •        •        .  15  60  to  70 

Grcuit  of  flues  in  linear  feet,       •         .         .         ...  60  150 

Rtfnttts. 

Bituminous  coal  per  hour  for  each  horse-power,     •         •  10  lbs.    5jlbs. 
Water  evaporated  by  each  pound  of  coal,         .         ,  6  "    11|  " 

Bituminous  coal  consumed  per  hour  for  each  square  foot 

of  grate,      . 10  «*     2t  " 

(307.)  WatVs  Oondensing' Engine.  —  The  steam-engine,  in 
its  present  form,  was  invented,  between  the  years  1768  and  1769, 
by  James  Watt,  originally  a  maker  of  philosophical  instruments 
in  Glasgow.  This  invention  stands  without  a  parallel  in  the 
history  of  the  mechanic  arts.  Perfect  almost  from  its  first  con- 
ception  even  in  its  minutest  details,  it  has  since  received  no 
improvement  involving  a  single  principle  unknown  to  Watt.  It 
is  true  that  we  have  machines  at  the  present  day  which,  not 
only  in  magnitude,  but  also  in  the  perfection  of  the  mechanical 
details,  and  in  the  beauty  and  simplicity  of  the  combination  of 
the  several  parts,  &r  exceed  any  Watt  ever  saw ;  but  all  these 
improvements  have  been  only  the  necessary  development  of  his 
first  conception. 

Most  of  the  parts  of  the  condensing-engine  are  shown  in  Fig. 
441,  which,  although  necessarily  imperfect  in  its  details,  will 
serve  to  illustrate  the  relation  of  the  parts.  The. most  essential 
part  of  the  machine  is  the  large  cast-iron  cylinder  (shown  on  the 
left-hand  side  of  the  cut),  within  which  moves  the  piston  P. 
The  interior  of  this  cylinder  is  turned  on  a  lathe,  so  as  to  be 
perfectly  true,  and  the  sides  of  the  piston  are  made  elastic  by 
what  is  termed  the  packings  which  prevents  any  leakage  of  the 
steam  around  the  edge.  The  surfaces  of  this  piston  receive 
directly  the  pressure  of  the  steam ;  and  it  is  therefore  to  be  re- 
garded as  the  point  of  application  of  the  expansive  force,  and 
the  origin  of  the  motion  of  the  engine.  The  steam  generated 
in  the  boiler  just  descril>ed,  and  conveyed  to  the  machine  through 
the  steam-pipe,  is  first  receive     into  t     valve-chest  b  through  the 
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aporturo  o,  and  from  tliis  it  is  admitted  iltenuUel/  iuto  the  tsf 
and  bottom  of  the  cjlioder  by  a  sliding-Talve,  wliieh  is  ntoni  if 
the  r^l  b  fR,  passing  tlirough  a  packing-box  on  top  of  the  vmlTv-ebaM. 


Tlio 
tlio 


n|.r. 
in  th 


same  vulvo  also  ni>oii9  and  closos  llic  vcni-liulo  fl.  Uy  uhk-li 
ylt-ani,  Jifli-r  having  done  its  work  in  moving  the  pifUm.  ;• 
inrj;iil  ulliTiiati'ly  fmni  i-ilhor  cini  of  thu  cylimliT  Uin>u<li 
riliiiiion-fiific  l'.  Whoii  tin;  valve  is  in  tlie  position  p-p»- 
■•I  ill  Fig.  -141,  lh'>  ctoani  lias  frt-e  acccwt  to  the  upper  pan  ■-' 
■ylimliT,  aiicl  [m's-ifs  on  the  t>i|»  of  the  piston,  wliilv  frncn  tl^- 
'  Ih'Ihw  thi'  |ii-t.in  ft  vent  is  (i|M.-ued  tliruti^h  the  tuW  d  C 
iiiiu.-nily  Ih.'  j.i-ii.ii  fullt ;  l>nt  wlicii  it  rvuches  the  l»itl.«m  ■■! 
■yliiiiliT.  thi-  jc-^iiion  of  the  val\-e  is  Multlt-nly  chaitgwi  lo  ttu! 
•H'liti'il  ill  Fij.'-  442,  aii<l  a  connei'tiun  is  ojionM  U'tToen  t!K 
T  part  of  the  cyliTiiiiT  nii<l  the  ci] net i on-pi f>e,  wliili-  u  tiy 
■  tinn!  tliu  (.t.-ain  1^  iitlinitii- 1  ImI.iw  the  piMon,  wh.wv  roiWoti 
Hi  rcvorsod.     When  the  pi -ton  roaches  the  top  of  tbc  cjlio- 
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der,  the  position  of  the  valve  is  again  changed ;  and  thus  continu- 
ously, so  that  a  reciprocating  motion  is  the  result.  This  motion 
is  communicated  by  the  piston-rod  A^  which  passes  steam-tight 


Vlg.4ll 


through  the  packing430X  rf,  on  the  head  of  the  cylinder,  to  one 
arm  of  the  large  lever  Xr,  called  the  beam^  and  by  the  beam  it  is 
further  transmitted  through  the  connecting-rod  I  to  the  crank  K^ 
which  turns  the  shaft  of  the  engine,  and  gives  motion  to  the  ma- 
chinery connected  with  it. 

Fly-Wheel. — When  the  piston  is  at  the  top  of  the  cylinder,  the 
crank  is  in  its  lowest  position  ;  and,  on  the  other  hand,  when  the 
piston  is  at  the  bottom  of  the  cylinder,  the  crank  is  in  its  highest 
position.  In  either  of  these  positions,  called  the  dead  points^  it 
is  obvious  that  the  pressure  of  the  steam  can  communicate  no 
motion  to  the  crank,  and  the  machine  would  come  to  rest  were  it 
not  for  the  large  iron  wheel  F,  called  tiie  fly-wheel,  which  is 
attached  to  the  shaft  and  revolves  with  it.  This  wheel,  which 
has  a  large  mass  of  matter  in  its  rim,  having  once  received  a 
certain  velocity  of  rotation  on  its  axis,  carries  by  its  inertia  the 
crank  and  piston  through  the  and  brings  them  into 

a  position  in  which  the  po? 
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The  fly-whcol,  morcoTcr,  equalizes  the  modon  of  the 
and  gives  a  iiiiiformitj  to  its  action  it  could  not  otherwise  Imiyy, 
owing  to  the  unequal  leverage  at  which  tlie  connecting-rml  aeu 

on  the  crank  in  its  different  positions.  Then,  again^  tb?  um^ 
form  rotation  of  the  wheel  acts  back  upon  the  piston  thrtmfli 
the  crunk  with  the  happiest  effect,  bringing  the  piston  »lowIr  u> 
rest  at  the  end  of  each  stroke,  and  thus  preventing  the  jar  wkidi 
would  result  from  a  sudden  change  in  Uie  direction  of  the  bhv 
tion.  Indeed,  this  whole  combuiation  is  one  of  the  happiest 
results  of  mechanics,  and  will  repay  the  most  careful  studj.  1 
fly-wheel  is  only  essential  in  a  stationary  engine.  In  tlic  eofriae 
of  a  steamboat  or  a  locomotive,  the  same  effect  is  produced  bv 
the  momentum  of  the  moving  mass. 

Parallel  Motion. — The  system  of  jointed  rods  CD  J?  (Fig.  441\ 
by  which  the  piston-rod  is  connected  with  the  beam,  called  the 
parallel  motion^  is  an  ingenious  invention  of  Watt  to  prerent  aar 
lateral  strain  on  the  former.  Since  the  end  of  the  piston-rod  mvt 
move  in  a  vertical  line,  while  the  end  of  the  beam  describes  the  arr 
of  a  circle  coinciding  with  this  line  only  at  one  point,  it  »  cafv 
to  see  that  they  could  not  be  directly  jointed  together ;  and  it 
can  also  l)o  readily  shown,  by  the  principle  of  the  compomtioii  of 
forces,  that,  if  thev  were  connected  bv  the  rod  D  alone,  a  latenl 
stniin  would  1)0  exerted  on  the  piston-rod  which  would  fonn  A^ 
ran^o  the  machinery.  By  means  of  the  system  of  nxl*  n*}os 
sented  in  the  fifrure,  the  end  of  the  piston-rod  is  ^uffe^'^i  t. 
move  in  a  vertical  direction,  and  the  lateral  force  n*sultiiijr  fp*3i 
the  doconi|)ositi()n  of  the  motion,  in  its  transmission  to  the  l**aaL 
is  halanivd  l»v  the  rosistanoe  of  the  rods  C  and  E^  callf^i  r^iMms 
barSy  which  are  conneclo<l  by  joints  to  the  frame  of  the  eujrin^. 

The  parallel  motion  of  Watt  does  not  completely  an^«tT  it* 
object,  that  is,  it  d<K»s  not  cause  the  end  of  the  piston-nxi  to  tn-T- 
in  an  al>si»lutely  htruijrlit  lino  ;  and  when  the  stroke  of  tlio  |tL*u« 
Unirs  a  lar^e  |»ro|M)rtion  to  the  length  of  the  beam,  the  denial;  c 
from  a  straight  line  l>ec(»nics  of  pnictical  im|M>rtanco.  H*.'i>or, 
a  large  nuinU'r  of  other  parallel  moiions  which  have  be^n  ia- 
V(»ntod  to  reintMly  thi'^  defect.  One  of  the  simplest  contrivvicM 
for  the  pnriM»H<\  and  the  one  generally  used  in  this  ciHintrT. 
con*ji*.ts  in  <lin»oting  tlie  motion  of  the  piston-rod  by  a  cru«vf*«r 
hlidlng  in  vertical  grooves,  which  are  kept  in  their  place  hj  a 
stiff  frame-work. 
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The  Eccentric. — It  has  already  been  shown  that  the  connec- 
tions between  the  ends  of  the  cylinder  and  the  boiler  or  vent- 
tube  may  be  alternately  opened  and  closed  by  a  sliding  moticn 
given  to  the  valve  ;  it  now  remains  to  show  how  this  motion 
is  obtained  automatically.  A  wheel  (-E,  Fig.  442),  called  the 
I'ccenlricj  is  so  attached  to  the  main  shaft  of  the  engine  that  its 
centre  does  not  coincide  with  the  axis  of  rotation.  This  eccen- 
tric revolves  within  a  metallic  ring,  C,  and  imparts  to  it  a  back- 
ward and  forward  motion,  which  is  transmitted  by  the  arm  Z  Z 
to  a  bent  lever,  Soi/j  and  by  that  to  the  rods  d  and  6,  which  act 
directly  on  the  valve.  The  extent  of  the  motion  of  the  valve 
is  easily  regulated  by  the  length  of  the  arms  of  the  lever,  and 
the  moment  at  which  it  begins  to  move  in  either  direction  is 
determined  by  the  position  of  the  eccentric  on  the  shaft.  In 
starting  the  engine,  or  in  reversing  its  motion,  the  valves  are 
moved  by  hand,  and  there  is  always  a  handle  connected  with  the 
lever  S  o  ^  for  the  purpose.  It  is  not  until  after  the  fly-wheel 
has  acquired  a  certain  momentum,  that  the  arm  Z  Z  of  the 
eccentric  is  geared  on  to  the  lever  at  S.  In  order  to  stop  the 
engine,  the  arm  is  ungeared  and  the  motion  of  the  valves  regu- 
lated, as  before,  by  hand.  There  is  no  part  of  the  steam-engine 
on  which  more  ingenuity  has  been  shown  than  on  the  valves,  and 
the  automatic  macliinery  for  opening  and  closing  them.  The  form 
of  the  valve  represented  in  the  above  figures  is  the  simplest,  and 
is  very  generally  used  .in  small  engines;  but  in  large  engines 
there  are  frequently  four  separate  valves,  which  are  opened  and 
closed  independently. 

The  Condenser.  —  If  the  eduction-pipe  [/(Fig.  441)  Opened  di- 
rectly into  the  atmosphere,  the  engine  would  work  perfectly  well 
with  only  the  parts  which  have  been  now  described ;  only  there 
would  be  a  loss  of  power :  for  a  portion  of  the  expansive  force  of 
steam  would  be  expended  in  overcoming  the  pressure  of  the  air. 
Watt  avoided  a  part  of  this  loss  by  an  application  of  the  well- 
known  law  (287),  that  the  tension  of  any  vapor  in  vessels  com- 
municating with  each  other  is  always  that  which  corresponds  to 
the  temperature  of  the  coldest  vessel.  He  connected  the  educ- 
tion-tube of  his  engine  with  a  iarged  closed  iron  box  ( O,  Fig. 
441),  called  the  condenser y  so  that  whenever  by  the  motion  of 
the  valve  the  orifice  of  the  eduction-tube  is  opened,  the  waste 
steam  rushes  at  once  into  the  cold  veasel,  a  partial 
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Tacmim  in  the  cylinder,  against  which  the  fresh  steam 
nearly  its  full  force. 

The  gain,  however,  thus  ol>tained  is  not  so  gremt  as  it  wo«U 
at  first  sight  seem,  since  a  portion  of  the  power  tlius  realised  b 
expended  in  working  tlie  pumps  connected  with  tlie  cooden«rr. 
In  order  to  produce  a  sudden  condensation  of  the  steam,  U  ii 
necessary  to  discharge  into  the  condenser  a  constant  wtwrmm  of 
water.  Tliis  water,  forced  in  by  the  atmospheric  pressure  thrmt^ 
the  pipe  T  (Fig.  441),  which  ends  in  what  is  termed  a  ruse,  ts 
sliowoi*ed  in  fine  jets  through  the  chamber.  The  amoont  of  water 
which  it  is  thus  necessary  to  introduce  is  at  least  twenty  time«  sf 
great  as  the  weight  of  steam  condensed,  and  would  soon  fill  the 
condenser.  Hence  the  necessity  of  the  pimip  Jf,  wocked  frxxD 
tlio  beam  of  the  engine,  by  which  both  tlie  hot  water  and  any 
air  tliaf  may  be  mixed  with  it  are  rapidly  remored,  and  tht 
water  discharged  into  the  hot  well  N.  The  piston  of  this  pump, 
calleil  tlie  air-pump^  has  generally  about  one  half  of  the  area  and 
one  half  of  the  stroke  of  tlie  large  piston,  and  the  general  ar- 
rangement of  its  valves  may  l)e  seen  in  Fig.  443.  The  ooodeuser 
is  usually  entirely  immersed  in  a  tank  of  water,  called  the  coU 
treil,  which  is  fed,  when  possible,  by  an  aqueduct,  or  othervuc 
by  a  Kuction-inimp,  as  R,  Fig.  441,  worked  by  a  rod  attach**'] 
to  the  beam  of  the  engine,  and  drawing  its  water  from  k*©-* 
noi^liU)rinjr  \vM.  Still  a  third  pump  is  frequently  attaolh^i  t^ 
tht'  beam,  whii'li  draws  wator  from  the  hot  well  and  f«>nv>  it  ii.t  • 
tho  lM)iltT.  The  supply  of  water  to  the  c<mdenser  is  r^iruUw 
by  a  vulvt»  so  phuM'.!  as  to  1m»  at  the  command  of  the  en*riu**»T, 
aii^l  iH'forc  stopping  the  machine  it  is  necessary  to  cU*5<  ilu* 
valvt'. 

Tln'  niarhiiie  which  lias  ju»it  Iwen  descriUMl  may  U»  nvuplil 
n^  a  rcpn^sriitative  stcainnMipiio.  The  student  mu«it  not  fX|«>i 
to  fiipl  iho  parts  t)f  an  actual  workinjr  enpiiie  tis  Mmple.  «>r  o-m- 
ImihmI  in  the  same  way,  as  tho^e  n*|in»s4Mited  in  Fijr.  441  :  Jul 
havihL'  once  InM-ome  familiar  with  the  fwirts,  as  they  nn*  >hown  iz 
tliis  litrnre,  he  will  Ih'  aMc  readily  to  riK'o^nize  them  in  a  ««Tt 
imr  eii^nne,  ami  to  trace  out  the  coim«M*tion  of  th«»ir  motion^. 

( :)o^. )  Sifi^ric-artinir  Sfmrn'/Jnirinr,  —  When  the  >tei4m^«n|niK 
is  u^^c^l  for  jmrnpin^r  water,  which  was  at  first  its  only  pnurtical 
application,  its  forct*  is  re^piinMl  only  in  raising  the  pum|**nid« 
witli   their  load    of  water,  their  own   weight   being  morv  ^^« 


nifficient  for  their  descent.  If  the  piston  and  pomp  rods  are 
attached  to  opposite  ends  of  a  working-beam,  the  force  of  the 
Bteam  is  only  required  iu  pressing  the  piston  down ;  and  there  is, 


therefore,  no  necessity  of  admitting  the  steam  to  the  bottom  of 
the  cylinder.  Engines  constructed  for  this  purpose,  in  whicli  the 
steam  acts  only  on  one  side  of  the  piston,  are  called  single-acting 
engines,  to  distinguish  them  from  the  double-acting  engines  de- 
scribed in  the  last  section.  They  are  generally  used  for  pumping 
water  from  mines,  and  are  frequently  called  Cornish  engines, 
because  they  were  brouglit  to  perfection  in  the  mining  district  of 
Cornwall,  in  England.  A  representation  of  one  of  these  engines 
is  given  in  Fig.  443. 

The  steam  from  the  boiler  enters  the  valve-chest  by  the  tube 
T.  A  rod,  d,  passing  through  a  packiog4>ox  in  the  top  of  the 
valve-chest,  moves  three  valves,  m,  ft,  o.  The  valves  m  and  o 
open  upward,  while  the  valve  n  opens  downward.  When  the 
valves  are  in  the  position  represented  in  the  figure,  m  and  o  open 
and  n  closed,  the  steam  from  the  ar  exerts  its  full  effect  on 
ttie  upper  surface  of  the  p  it  down ;  but  just 
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l>oforo  the  piston  rcachos  the  lowost  point  of  its  conme,  a  prof<^ 
tijn,  6,  on  the  rod  F^  moved  hy  tlio  beam,  strikes  the  arm  «'f  x 
hjui  Icvor,  (I  c  A%  which,  acting  on  tlio  valvo  ixmI  at  d^  catiM^  it  t  j 
dosciMid,  thus  cloning  the  valves  m,  o,  and  o|)ening  the  vaho  ■. 
culled  the  equilibrium  valve.  AH  connection  between  iho  «•}!:> 
der  and  (Mther  the  l>oiler  or  condenser  is  now  closeU ;  hut  th**  tv  • 
ends  of  the  cylinder  freely  conununicatiug  together,  the  pi<*toa  is 
raiisiMl  hy  the  weight  of  tho  pump-rod  Q,  while  the  steam  {<l««*'4 
fi'Dui  the  top  to  the  l>ottom  of  tho  cylinder  through  the  tuU*  C- 
As  the  piston  now  reaches  the  top  of  tho  cylinder,  a  second  {•re- 
jection, a,  on  the  rod  F,  strikes  tho  end  of  tho  bcut  lerer  and 
restores  the  valves  to  their  fin«t  position ;  then  the  pbton  de«ceDiif 
as  )>efore,  and  bo  continuously.  Parallel  motion  is  olitaincd  ia 
these  engines  hy  the  very  simple  arrangement  represented  in  tli^ 
fijrure,  and  the  con<lenser  is  the  same  as  that  described  in  iIk*  Ii.*t 
section.  The  efllcieiicy  of  these  engines  is  estimated  by  tl^ 
nunilMT  of  |M>unds  of  water  which  they  are  capable  of  elevatiu;; 
ono  foot  hy  the  combustion  uf  one  bushel  of  coal.  This  numt»T 
is  tornicd  the  duty  of  the  engine.  By  a  careful  constructi«a 
and  management  of  tlie  engine  and  boiler,  this  dutjr  has  btvzi 
riis'.Ml  as  hijrh  as  l-'),0O0,000  jiounds. 

( :U>1*.>  T/ie  XofiH'ontit'nsiuiT  Enf^ine. — This  form  of  the  st^nrv 
c!.jriiit»  dilfrrs  from  thoso  ju>t  descrilwl  only  in  this,  that  it  L.- 
?io  lomliMiscr,  and  tho  sti'um  is  vcnteil  from  the  cvliu'lor  dir*-^  :!• 
into  th«'  atiut»s|»]n'ro.  Ahliou'Ji,  for  the  rea.M)iis  alr«';iily  >tat«"i.  .: 
cannot  1h»  worked  so  rronoiuit-ully  as  the  condiMi'^iuir  •-•npn-'.  ;*. 
lu*"  lip*  :idv:int:iL'«»  of  irp'at'T  >ini)>lirity  and  coin|»actni'*'S,  ani  ::• 
fir-t  ro^t  jv;  nni«-h  1«'^»*  than  that  of  its  more  oum)>riiu^  ri^al.  I: 
i<  ihrn-fon*  rnM|urnlly  j»rrr**rrcd  wlicn  tlit»si»  coii>id*'r.iti<kii<  ar»"  ' 
luofi'  ini|M»rt:inro  than  tin*  savinir  of  a  few  tons  of  coal.  Tl:-  r  .• 
nothiii'j  [MJ-uliar  in  th«'  rf»nstnu'ti«»n  vt  this  form  of  oiiiriiw.  a:.. 
rii!i»r«»f  tht»  niarliiiH*^  ju'«t  d<*M'rilHMl  miirht  1k.»  ctinvrrlol  iiit-- a 
iMi-rniii|.'n»^inL''  «*nLMn«'  l»v  siinplv  cuttinir  off  tin*  f^lin'iion-i .  • 
an'i  •li-«''>!iinrfinj;  th'*  |«n!n|Hrod^  friMu  tho  U'am.  Of  tlii-  •  li" 
t!i  '  ni  »-t  irnjMU'tant  i*»  tin*  liMoinotjvc  oniriiio  <  Kij;.  4  44  i,  a:.; 
\\>'  \\i\'  Ml.'ifiMl  it  a'^  an  i\ani|»lo.  The  c«»ii'*lructioii  «.f  ;: 
I'lil  r  «»r  a  l«M'Miiii»iivi'  ha*i  alroa«lv  1>«»«mi  di»MTii»t'd  ;  and  *::. 
\vi*  MI'-'  un\y  aiMiuainli'«i  with  lli«'  ron>trii«"tion  of  i!u»  >iti;:I**  Mrt* 
of  a  -t«';un-«*nLrini*,  it  will  t^iily  be  necessary  to  i»i»int  tlicm  c'u; 
ill  the  tiu'iin.'. 


X  X  is  the  main  body  of  tlie  boiler ;  D,  tlie  lower  part  of  the 
fire-box ;  Y,  the  Fmoke-box ;  o,  the  brass  tubes  connecting  the 
two  i  O,  the  fire-door,  by  which  the  fuel  is  iutroduccd  ;  »,  the 


water-gauge,  indicating  the  level  of  the  water  in  the  boiler ; 
H,  tlie  vent-cock,  by  wjiich  the  water  can  bo  dincharged  from  llie 
boiler;  R,  R,  the  feeders  which  conduct  water  from  the  lendfr 
to  two  force-pumps  (not  shown  in  the  d     nag),  by  which  it  is 
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forced  into  the  boiler;  Z  Z,  the  dome  of  the  boiler;  I,  the  mtstf- 
valves,  which  are  held  in  phu^e  by  spiral  springs  encloi«d  in  tlw 
cases  e ;  g*,  the  steam-wliistlo  ;  /,  the  valve  opening  Into  tte 
8toani-pi[K3 ;  &,  a  rod  which  controls  tlie  motion  of  the  rahe 
In  the  drawing,  tlie  engineer  holds  in  his  hand  the  lever  lijr  whick 
tliis  rod  is  turned  and  the  valve  opened  more  or  leas,  as  cir- 
cumstances may  require  ;  a  graduated  arc,  over  which  the  lever 
moves,  enables  him  to  adjust  the  valve  to  any  position,  and  thus 
to  regulate  the  speed  of  the  engine.  A  is  tlie  steam-tube,  which 
coiiducts  the  steam  from  the  top  of  the  dome  to  the  two  cylin- 
ders; this  tube  passes  through  tlie  boiler  into  the  snioke-hox, 
where  it  branches,  as  shown  by  dotted  lines  in  tlie  figure;  Uv 
this  arrangement  any  condensation  of  the  steam,  while  paring 
through  the  pipe,  is  prevented.  F  is  one  of  the  cylinders  ;  there 
is  another  on  the  other  side  of  the  smoke-box  ;  the  steam  b 
admitted  into  tlie  ends  of  tliese  cylinders  and  discharged  from 
them,  by  means  of  sliding  valves  worked  by  eccentrics  on  tlie  axle 
of  the  driving-wheels ;  there  are  generally  two  sets  of  tlii-3*e  ce> 
centrics  placed  in  op|)osite  iKH^itions  on  tlie  axle,  ono  set  for  the 
forwai-d  and  the  otiier  for  the  backward  motion  of  the  locumolive, 
and  80  arranged  that  they  can  be  thrown  out  of  gear  or  brought 
into  action  at  the  pleasure  of  the  engineer.  All  this  part  of  the 
niachiiuTV,  howt»ver,  \m\\\i  InMieath  the  boiler,  is  not  vijsible  in 
the  dniwin<r.  K  is  tlie  eductiou-tulie,  by  wliioh  the  sU'am  i> 
discharp'd  iVoiii  the  cyliiHler  into  the  sniokt^pijK)  Q:  /,/  ar\^  ^t^>f•- 

OH'ks,  l>v  which  aiiv  wiilor  c<)udi»ns<»d  in  the  cvlinden*  niav  U* 

•  •  •  • 

ventod  ;  P  is  the  piston  ;     T,  tho  packing-l)ox^  thn.)U^i   whicli 
passes  the  pi>t«m-nMl  ;  rr  aiv  puides,  cc»rres|M)nding  to  th«»  /^^r- 
allcl  motion  of  the  stationary  iMi^rine,  by  which  tin*  pi<«t«»n-pHl  i- 
fonril  to  move  in  a  stniijrht  line,  and  any  latorul  htraiu  pr>^ 
vfutod  ;    ami,  finally.  A'  is   tlie   connecling-rud,   by   wliich   \\v 
motion  of  tho  piston  is  communicated  to  the  crank  M  oti  thr 
axl<'  of  the  larp*  drivin^-wht»cls.     In  starting?  the  hnNmiotiw,  a* 
in  the  other  forms  of  the  steam-<»npino,  the  valvos  must  U»  ni«»^»"*i 
hv  hand  ;  a  lever,  communieatin^  with  the  valves  bv  nn^an^  of 
roiineeiihL^-rods,  marked  li  ami  C  in  the  fijrure,  i^  alwar^  jirv 
vid^Mi  for  this  purjMjse  near  the  fn)nt  of  the  enirino.      It  \^  onlr 
wIhmi   tlu»   tniin   is  in   motion,  and  its  mom*^ntnm  t^ufRcient  to 
re;:nhite  the  movcmcntii  uf  the  machine,  that  the  ccccuthcs  arv 
thrown  into  gear. 
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(SIO.)  Mechanical  Power  of  Steam.  —  We  can  easily  calcu- 
late the  mechanical  power  generated  by  the  conyersion  of  water 
into  steam  from  the  known  increase  of  volume  *  wliich  accompa- 
nies this  change.  For  this  purpose,  let  us  assume  that  we  have 
a  tall  .cylindrical  vessel,  open  at  the  top,  the  area  of  whose  base 
is  one  square  decimetre.  Let  us  further  assume  that  the  cylinder 
is  filled  with  water  at  4°  to  tlie  depth  of  one  decimetre,  and  con- 
tains, therefore,  one  litre  or  one  kilogramme  of  the  liquid  ;  and, 
lastly,  let  us  assume  that  a  piston  without  weight,  and  moving 
steam-tight  without  friction  in  the  cylinder,  rests  on  the  surface 
of  the  water.  If  now  we  raise  the  temperature  of  this  cylinder 
to  100^,  and  furnish  it  with  a  constant  supply  of  heat,  the  water 
will  change  into  steam,  occupying  1,698.5  times  its  former  vol- 
ume, and  having  a  tension  of  76  c.  m.,  or  one  atmosphere ; 
which  will  therefore  raise  the  piston  1,697.5  decimetres  under  the 
atmospheric  pressure,  that  is,  will  raise  103.33  kilogrammes  to 
the  height  of  169.7^  metres.  The  mechanical  power  thus  exerted 
is,  then,  equal  to  17,540  kilogramme-metres  (compare  238).  If 
we  raise  the  temperature  to  120^.6,  and  furnish  a  constant  supply 
of  heat,  as  before,  the  water  will  change  into  steam  occupying 
896.22  times  its  former  volume,  and  having  a  tension  of  two 
atmospheres.  It  will,  therefore,  raise  the  piston  895.22  decime- 
tres under  the  pressure  of  the  air,  when  loaded  with  an  additional 
weight  of  103.33  kilogrammes,  thus  exerting  a  mechanical  power 
of  206.66  X  89.522  =  18,501  kilogramme-metres.  In  like  man- 
ner, the  other  values  given  in  the  fourth  column  of  the  following 
table  may  be  easily  calculated  :  — 


tun  of 

BtaMB. 

Tentloo 

In  AtoMW- 

pDsres. 

Vohuneor 

1  KIlogruniDe 

inLifcrat. 

PowOT  In 

KllognuDm»- 

metret. 

Total  H«tt 
abforbed  in 
Ermpofrndon. 

1  U«tt  Unit  in 
Kllog.-aieti«t. 

ioo!o 

1 

1,698.5 

17,540 

637.0 

27.53 

120.6 

2 

896.22 

18,501 

648.3 

28.76 

144.0 

4 

474.81 

19,583 

650.4 

80.11 

170.8 

8 

252.67 

20,804 

658.6 

81.59 

By  comparing  the  conditions  assumed  above  with  those  in  an 
actual  steam-engine,  it  will  be  seen  that  the  power  given  in  the 

*  The  Tolame  of  the  steam,  as  compared  with  that  of  an  equal  weight  of  water  at 
4®,  can  always  be  obtained  by  dividing  the  weisrht  of  one  cubic  metre  of  water  at  4® 
<one  million  grammes)  by  the  weight  of  one  cubic  metre  of  steam  as  given  in  the  table 
on  page  571. 
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above  table  is  the  greatest  possible  power  which  ean  be  obtaiMd 
by  the  conversion  into  steam  of  one  kilogramme  of  water  at  tfai 
different  temperatures ;  provided,  as  we  assumed  in  the  detii^ 
tion  of  the  steam-engine  (307),  that  the  tension  of  the  steaa 
does  not  change  from  tlie  time  it  leaves  the  boiler  until  it  is  di»> 
charged  into  tlie  condenser,  and  provided,  also,  that  the  steaoi 
acts  against  a  perfect  vacuimi.  These  conditions  are  never  lallf' 
realized  in  practice,  so  Uiat  even  witli  the  best  regulated  ma» 
chines  we  only  obtain  from  one  half  to  two  thirds  of  the  tbeo* 
retical  effect. 

The  total  number  of  units  of  heat  required  to  chmngt^  one 
kilogramme  of  water  into  steam  of  one,  two,  four,  and  eight 
atmospheres'  pressure,  as  calculated  by  [202],  is  given  in  the 
fiflli  column  of  the  aliove  table,  and  the  sixth  column  show*  the 
power  obtained  in  eacli  case  by  the  expenditure  of  one  unit  of 
heat.  It  will  be  noticed  that  tlie  power  is.neariy  the  fame  m 
all  ca^es,  and  hence  it  follows,  apparently,  that  no  important  gain 
is  obtained  by  the  use  of  steam  of  high  tensicm.  There  is^  how* 
ever,  a  mode  of  working  the  steam-engine  in  which  tlie  gain  thus 
effected  is  very  great. 

Let  us  suppose  that  the  boiler  is  supplying  steam  of  four  atnK»> 
pheres,  which,  as  the  table  shows,  it  can  supply  at  only  a  little 
greater  expenditure  of  heat  (in  other  words,  of  fuel)  than  flram 
of  one  atmosphere  pressure.  If  the  engine  were  worked  viih 
steam  of  one  atniospliere  pressure  under  the  conditions  d»*MTiU>l 
alxive,  each  volume  of  steam  eipiivalent  to  the  cajiacity  of  U>e 
cylinder,  and  weighing,  as  wo  will  sup|>ose,  one  kilogramme,  will 
do  the  work  of  raising  1U.*J.33  kilognunmes  through  a  hfigiit 
e^jual  to  the  length  of  the  stroke  of  the  piston.  S{»eukintr  ap- 
proxiinatively,  the  same  wriglit  of  steam  of  four  atnur*]»litn*!»' 
tension  will  do  an  eqnivalont  work  during  the  first  quarter  of  lite 
stroke  ;  for  it  will  raisi^*  four  tiinos  10:5. :i3  kil(»gnunines  throu^ 
one  fourth  of  the  prevituis  iieight.  Sup|K>se,  now,  ihai  the  cuih 
nei*tion  U^tween  tin*  oylindiT  and  the  lioiler  is  cUwrhI  at  this  pi»int» 
it  is  evidtMit  that  the  stoain  will  continue  to  exert  an  ex|Muikve 
iorcr,  altlHKigh  a  force  lessening  gradually  as  the  cafiacity  of  ih^ 
cylinder  iiu*n»ases.  WIumi  the  piston  has  l)een  raised  throofh 
ont»  half  of  the  stn)ke,  the  volume  of  the  kilogramme  of  >team 
will  havo  doubled,  and  \i»  tiMision  have  l)eeii  reduced  to  two  at- 
mospheres ;  when  ii  has  achieved  tliree  fourths  of  the  stroke,  tbc 
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volume  will  have  trebled,  and  the  tension  have  been  reduced  to 
1^  atmospheres ;  and  even  at  the  end  of  the  stroke,  when  the  vol- 
ume has  quadrupled,  the  pressure  will  still  be  one  atmosphere. 
Here,  then,  is  a  very  large  gain  of  power  without  any  additional 
expenditure  of  fuel.  In  practice,  these  conditions  are  realized 
by  closing  the  valve  admitting  steam  into  the  cylinder  after  a 
certain  fraction  of  the  stroke,  by  means  of  various  forms  of  au- 
tomatic machinery,  called  cut-offs.  The  actual  theoretical  advan- 
tage gained  in  any  case  can  readily  be  calculated.  It  is  evidently 
the  greater,  the  liigher  the  tension  of  the  steam  in  the  boiler  and 
the  sooner  it  is  cut  off  after  the  beginning  of  tlie  stroke  In  no 
case,  however,  is  the  total  practical  effect  as  great  as  the  theoret- 
ical power  given  in  the  table  on  page  631.  When  thus  worked, 
the  engine  is  said  to  be  worked  expansively. 

We  are  far  from  obtaining  with  the  steam-engine  the  full  me- 
chanical equivalent  of  heat,  even  when  working  under  the  most 
favorable  circumstances  It  will  be  remembered,  that,  according 
to  Joule's  experiments  (238),  one  unit  of  heat  is  capable  of  gen- 
erating a  power  equal  to  423  kilogramme-metres,  which  is  13.4 
times  greater  than  31.59  kilogramme-metres,  the  greatest  pos- 
sible effect  which  could  be  obtained  with  the  steam-engine  when 
not  worked  expansively,  even  under  a  pressure  of  eight  atmos- 
pheres. Considering,  then,  that  we  do  not  realize,  even  under 
the  best  circumstances,  much  more  than  one  half  of  this  theoreti- 
cal effect,  it  will  be  seen  that  we  actually  obtain  with  the  steam- 
engine  only  about  one  twentieth  of  the  power  which  the  fuel  is 
capable  of  yielding.  To  find  a  more  economical  means  than  this 
of  converting  heat  into  mechanical  effect,  is  one  of  the  great  prob- 
lems of  the  present  age. 

(311.)  Iatw  and  Hif^h  Pressure  Engines.  —  As  the  tension  of 
the  steam  used  in  non-condensing  engines  (309)  is  necessarily 
greater  than  the  pressure  of  the  air,  they  are  frequently  called 
high-pressure  engines,  while  the  condensing  engines  arc  known 
as  low-pressure  enguies.  These  terms,  however,  do  not  correctly 
express  their  nature,  since,  although  the  non-condensing  engine 
must  necessarily  be  worked  at  a  high  pressure,  yet,  as  we  have 
just  seen,  a  great  advantage  is  gained  by  working  the  condensing 
engine  under  a  similar  pressure  ;  and,  in  fact,  the  so-called  low- 
pressure  engines  are  frequently  worked  under  as  great  a  head  of 
steam  as  the  high-pressure  engines. 
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PBOBLEKS. 

HiBai  of  FudmfL, 

852.  Three  kilogrammes  of  ice  at  0^  are  mixed  whli  10 
of  water  at  100^.     Ilequircd  the  temperature  of  the  mixture  after  the  iet 
is  mcltcMl. 

3«i3.  How  much  ice  at  0^  must  be  added  to  200  kilograiniiiet  of 
at  ] G'  in  order  to  reduce  its  temperature  to  10^ ? 

d«>4.  Solve  the  same  problem,  substituting  letters  for  the  mn^MTft 

dr>.>.  How  much  ice  at  0^  is  required  to  cool  10  kilograouiies  of 
cury  from  1<X)°  toO^? 

85  G.  A  mass  of  tin  weighing  55  grammes  and  heated  to  100'  was  ca- 
closod  in  a  cavity  made  in  a  block  of  ice.  Required  the  anwwt  of  wt 
mcltcML 

857.  Ki^rht  kilogrammes  of  ice  at  0°  were  mixed  with  55 
of  water  at  59°  ;  after  tlie  ice  had  melted,  the  temperature  of  the 
wa^  «33°.3.     lUHjuired  the  heat  of  fusion  of  ioe. 

Zot^.  In  order  to  determine  the  heat  of  fusion  of  lead,  200  graaaes  if 
melted  \vw\  at  the  melting-point  were  poured  into  1^50  grammrs  of  wmr 
at  10^  Af.er  the  lead  had  cooled,  the  water  was  fouod  to  haTe  aoquiwi 
a  temperature  of  11^.64.     Required  the  heat  of  fusaoo  of  the  meiaL 

Tention  of  Vapon. 

359.  Before  filling  a  barometer  with  mercury,  a  small  quantity  of  waifr 
wa:3  pouH'd  into  the  tube.  How  high  will  the  mercury  stand  m  the  I** 
rometer  when  the  tem|)erHture  is  20'  and  the  pressure  of  the  air  77c.bl*' 
Solve  tho  >i\n\ii  pn>l)lem,  aiisuming  tliat  alcohol  was  u»ed  tnj4<rad  of  wmtrr. 

30H.  Dctcnniiie  the  height  of  the  nu>nniry-eolumn  in  a  ban>ror(«*r<cu^ 
whose  wulU  are  iiuii^teued  with  water  at  the  temperatures  and  fwvj<aro 
indicatctl  Ik* low  :  — 


I. 

// 

-.  76  22  c.  m. 

t  =  20O. 

4. 

//  -  77.»  f.  m. 

t  -    **= 

2. 

// 

75.11      •• 

1  ="  4i1^. 

S. 

//  «  76  M     •• 

f  ..     4.»-* 

3. 

// 

74.56     *' 

t  .-  \0°. 

6. 

//  -  76.10     " 

f   -.   I«»»^ 

.101.  Solve  the  lit^t  problem,  aiMuroing,  first,  that  clilon>farm,  aini  «<i* 
ondly,  tliiit  oil  of  tur|K'ntine,  were  umhI  in.*itead  of  water. 

3G2.  Ciileiilate  by  [lt»l»]  the  teni^ion  of  the  va(M>r  of  wairr  at  tb' 
followinjr  tenijwralurea  :  — 10^21,  15°.45,  40^25,  G0*.5H,  l:.«^.5,  *»1 
l>2n\M5. 

.TtVl.  l)i*t«*mrme  the  tep'^ion  of  the  vapors  of  alcoKoU  of  ether,  aod  »^ 
elilontfonn  nt  the  following  tt'm|H>nitnrejS  aMuroing  thai  the  |iruici(^  ^ 
jui-.'  5H2  in  mrn'et:  2<»M2.   15\r,l,   10«.22,  and  5  .12, 

IU\\.  I) -tannine  the  lM>ilinf;-|MHnt  of  water  under  the  followiait  p^^ 
sure.H  :  7  i.'2 i  e.  m.,  55.51  c  m.,  34.20  cm.,  10.50  c.  m^  and  5  c.  m. 
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865.  Determine  the  boiling-points  of  alcohol  under  the  following 
pressures :  4.40  e.  m. ;  163.5  c  ql  ;  725.78  c  m. 

366.  A  cylindrical  vessel  at  the  temperature  of  120^.6  is  filled  with 
Tapor  of  water  having  a  tension  of  100  c.  m.  What  will  be  the  tension 
of  the  vapor  if  its  volume  is  reduced  to  one  half  by  pushing  down  the 
piston  ?     What  will  be  the  tension  of  the  vapor  if  its  volume  is  doubled  ? 

367.  A  glass  vessel  is  filled  with  dry  steam  which  at  the  temperature 
of  100°  has  a  tension  of  54.22  c  m.  To  what  temperature  must  the  ves- 
sel be  cooled  before  the  steam  begins  to  condense  ?  What  will  be  the  ten- 
sion of  the  steam,  if  the  vessel  is  heated  to  200*^? 

368.  In  a  strong  iron  vessel,  whose  capacity  equals  5,000  c.  m.*,  15.24 
grammes  of  water  are  hermetically  sealed.  Required  the  tension  of  the 
vapor  in  the  interior  of  the  vessel  at  the  following  temperatures  :  50^, 
100^  160^  180^  and  250°. 

LaietU  Heat  of  Vapors. 

369.  How  much  free  steam  must  be  condensed  in  order  to  raise  the 
temperature  of  20  kilogrammes  of  water  from  0°  to  90°  ?  How  much  to 
raise  the  temperature  of  246  kilogrammes  of  water  from  13^  to  28^? 

370.  How  much  vapor  of  alcohol  must  be  condensed  in  oi*dcr  to  raise 
the  temperature  of  5  kilogrammes  of  alcohol  from  15^  to  30°  ? 

371.  Twenty-five  kilogrammes  of  free  steam  condensed  in  a  mass  of 
water  raised  its  temperature  from  4°  to  61°.4.  Required  the  volume  of 
the  water  before  and  afler  the  condensation. 

372.  How  many  kilogrammes  of  ice  at  0°  would  be  required  to  con- 
dense 25  kilogrammes  of  free  steam,  and  reduce  the  temperature  of  the 
water  formed  to  0°. 

373.  Calculate  the  latent  heat  of  steam  at  the  following  temperatures  : 
25°,  32°,  112°,  175°,  198°,  and   222°. 

374.  Calculate  how  much  heat  is  required  to  convert  one  litre  of  water 
at  15°  into  steam  at  its  maximum  tension  at  130°. 

375.  How  much  heat  would  be  evolved  by  the  condensation  of  one 
cubic  metre  of  steam  of  140°  at  its  maximum  tension  into  water  at  20°  ? 

Sleam'Engine, 

376.  How  much  mechanical  force  is  generated  by  the  conversion  of  25 
kilogrammes  of  water  at  0^  into  steam  at  140^,  and  how  much  heat  is 
required  for  the  conversion  ? 

377.  The  piston  of  a  steam-engine  has  a  diameter  of  44  c.  ro.,  and  it 
moves  1.15  m.  each  second.  Required  the  weight  which  the  machine  can 
raise  to  the  height  of  8  metres  in  one  second,  assuming  that  there  is  no 
resistance,  and  that  the  tension  of  the  steam  is  2.75  atmospheres.  Deter- 
mine, al$K>,  the  quantity  of  heat  required  to  furnish  the  steam  employed  in 
producing  this  effect. 
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HTOROMETBT. 


(812.)  Formation  of  Vapor  in  an  Atmosphere  of  Gas.  —  If 
wc  repeat  the  experiment  with  the  vessel  of  one  cubic  metre  »- 
pacity  described  in  (284),  with  only  this  change,  that  it  if  left 
filled  with  air,  wo  shall  find  that  the  same  amount  of  ai|ueuuf 
vapor  will  be  formed  as  in  a  perfect  vacuum.  For  cmch  tra- 
perature  there  will  be  found  to  exist  simultaneously  in  the  culiie 
metre,  first,  an  atmoi^phere  of  air ;  secondly,  an  atmosphere  U 
aqueous  vapor,  havhig  the  weight  and  tension  which  are  given 
in  the  table  on  page  571.  The  only  difference  bctm-ccn  the  ci^ 
cumstances  attending  the  formation  of  vapor  in  air  or  any  other 
gas,  and  in  a  vacuum,  is  in  the  time  re<)uired.  The  cubic  ve»rL 
when  freed  from  air,  would  lie  almost  instantaneouslv  filled  vith 
vapor  of  the  given  tension  and  weight ;  but  in  tlio  frame  veascl 
filled  with  air,  the  vapor  would  attaui  its  maximum  tension  aud 
density  only  after  several  minutes. 

The  tension  of  the  mixture  of  aqueous  va[K>r  and  air  b  alnr? 
equal  to  the  sum  of  the  tensions  which  each  would  have  if  it 
filled  the  vessel  se{>arately.  This  tension  can  tlien  be  found  f  •r 
any  tem{)orature  by  adding  to  the  tension  of  the  air,  as  indicauil 
by  a  barometer,  the  tension  of  a4|ueou8  vapor  taken  fn>m  tlie 
table  of  maximum  tensions  op{)osite  to  the  given  tom{it*nttin*. 
Thus,  if  the  tonijM'rature  were  2(>',  and  the  barometer  indn^ad^d 
a  tonsiini  of  7t3  e.  m.,  the  tension  of  the  mixture  of  air  ^lA 
va|M)r  would  Ik?  e«iual  to  7t)  -f-  1.7^^^  =  77.731^  and  a  lmp>m*ur 
imiuiTMMl  in  the  vessrl  would  stand  at  that  height. 

If  now  we  sii|>jM)se  the  vo^ol  to  Ik?  extensible,  and  ex|«»>»*«l  ••- 
the  oiit>i(le  to  an  iiivarial»le  pressure  of  7*)C.m.,  it  i^  «'M«ii':.l 
that  it  will  l>e  ex)»and<Hl  until  the  tt'nsion  of  the  ct»ntintHi  nnxtur* 
is  ndiiml  to  the  same  value  ;  and  it  is  fn?<|ueutly  a  pn»i4-m 
of  *:v*'nt  practiciil  ini|M>rtanre  to  determine  what  the  inonu-^-d 
Volume  will  Im».  la  the  fir>t  place,  it  is  evident  that,  a>  the  v.ii- 
uni«'  of  the  v«'>srl  inrreases,  more  water  will  eva|iiin&Ki%  ny  *» 
to  krop  the  vajHir  at  the  maximum  tension  for  the  tem|icniturr. 
IleuiM*,  ill  the  expanded  htate,  the  tension  of  the  vapor  will  »uU 
Ih»  1.7"»!»  e.  m.  It  is,  therefon*,  only  the  air  which  ex|iand««  mi 
as  tli<?  tension  of  the  mixtun*  in  its  e\|»anded  state  is  e«|ujl  bf 
a'«Mnn)>ii<ui  to  70  c.  ni.,  it  is  e\ident  that  the  tension  of  Uk  air 
will  be  e^jual  to  7G  —  1.7o*J  =  74.:iGl  c.  m.     Moreover,  uuce  the 
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Tolume  of  the  air  (which  is,  of  course,  also  the  volume  of  the 
mi^ure)  must  be  inversely  as  its  tension  in  the  two  conditions, 
we  have,  by  [200], 

1  :  F'  =  74.261 :  76,        whence        V  =  1.023  i.» 

This  solution  may  easily  be  made  general.  Let  H^  represent 
the  invariable  pressure  to  which  tlie  gas  is  exposed,  and  1^  the 
tension  of  water  vapor  at  the  given  temperature.  Then,  in  tlie 
expanded  state,  the  tension  of  the  air  is  JE^  —  1^.  We  have, 
by  substituting  these  values  in  [200],  V:V'  =  h;,—^:H; 
whence 

■  (1.)  r=r  j^-^ ,     and  (2.)  F=  V  ^^'     [203.] 

By  means  of  (1)  we  can  always  calculate  the  increased  volume, 
F',  of  a  gas  when  saturated  with  moisture,  if  the  volume  of  the 
dry  gas  is  known ;  and  by  means  of  (2)  we  can  calculate  from  the 
measured  volume  of  the  moist  gas  the  volume,  F,  which  it  would 
have  measured  had  the  gas  been  perfectly  dry.  The  last  problem 
is  one  of  great  importance,  and  generally  presents  itself  in  a  form 
like  that  of  tlie  following  example. 

A  volume  of  gas  confined  in  a  bell-glass  over  water  measures 
250  cTni.'  when  the  temperature  is  20'  and  the  barometer  76  c.  m. 
What  would  be  the  volume  if  the  gas  were  perfectly  dry  ?  By 
substituting  the  data  given  in  (203.  2)  we  obtain, 

F=  250  ^^^g-—  =  244.25  crm.^.  [204.] 

The  formula  just  employed  gives  in  any  case  the  volume  of  dry 

gas  for  the  temperature  and  pressure  at  which  the  volume  of  the 

moist  gas  tij^s  observed;  only  it  is  necessary  to  remember,  in 

using  the  formula,  that  H^  represents  the  pressure  to  which  the 

mixture  of  gas  and  vapor  was  exposed  at  the  time  the  volume 

was  measured.     This  can  always  be  ascertained  by  the  method 

described  in  (169).     When  the  volume  of  dry  gas  has  been  in 

this  way  determined   for  any  given  temperature  and  pressure, 

it  can  easily  be  reduced  to  0°  and  76  c.  m.  by  means  of  [98] 

and  [184]. 

What  has  been  illustrated  above  in  the  case  of  the  vapor  of 
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water,  is  also  truo  of  tho  vapors  of  otiicr  liquids.  The 
tity  of  liquid  will  ovaporato  into  a  cubic  metres  and  a  rmpnr  wiQ 
bo  formed  of  tho  same  toiKsion  and  density^  whether  the  space  he 
empty  or  filled  with  gas ;  tho  only  difference  being  that  the  Uq«i4 
will  evaporate  very  much  more  slowly  in  the  last  case  than  ia  iIk 
first.  What  is  truo  of  one  liquid  must  also  be  true  of  any  ntut- 
ber  of  liquids  ;  provided  only  that  these  do  not  act  chenucallyoa 
each  other,  each  of  them  will  evaporate  and  form  a  rapor  of  the 
same  tension  and  density  as  if  the  space  were  a  perfect  vacuom. 
At  least  this  is  true  theoretically,  and  it  would  probably  be  tnw 
practically  could  wo  enclose  the  vapor  witliin  walls  formed  by  the 
volatile  liquids  themselves.  But  in  the  glass  vessels  with  which 
we  are  obliged  to  experiment,  tlie  result,  as  above  stated,  it  aoi 
perrectly  realized.  Tliis  is  apparently  owing  to  an  adlio^ive  actioo 
of  tlie  glass,  by  whicli  the  tension  of  the  vapor  is  reduc>.*d  lieluv 
tho  maximum  tension  for  tlie  temperature.  This  stibjcxrt  hif 
been  carefully  examined  by  Regnault,  and  we  would  refer  to 
his  memoir*  for  further  details. 

The  principles  of  this  section  may  l)e  summed  up  in  the  two 
following  pro])ositions,  first  enunciated  by  Dalton,  and  thi*nefore 
known  as  the  Late  of  Dalton.  The  last  proposition,  however,  b 
only  a  nocossary  conscMjuence  of  tho  first. 

1.  The  tension  and  the  amount  of  the  vapor  trkirh  %rill  tatw- 
rate  a  friven  space  at  a  ^irrn  temperature  are  the  same.  wke:»rr 
the  spare  be  atinplrtely  empty  or  jUled  tcith  g'as. 

2.  The  elastic  force  of  a  miature  of  ^as  and  rapier  is  equ*:l  I) 
the  sum  of  the  tensions  trhich  each  \routd  hare  sefxtratrltf. 

This  law  may  l»o  illu>trato(l  by  means  of  the  a|»|Kinitu^  nir*^ 
WMited  ill  FijJT.  44').  It  consists  of  a  glass  tuln*,  A.  c\x$^--\  s\  \*'\:\ 
imhIs  l>y  the  inm  stnjKMM»ks  b  ami  d.  The  lower  sti>|H'»N-k  i*  j-r- 
viilfil  with  a  >i<l«'  tul»ulaturt\  into  which  the  tul>o  R  \<  o*nKJit '•i, 
nn<l  a  ^ra<luat«Ml  M-ale  plaml  In'tween  tho  tul>os  M?rre^  i»i  nivi*- 
lire   the   n'lative   lieij^^hts   of  the  columns  of  mennirv  iher  o<^ 

m  m 

tain.  In  u^int'  this  aj»paratu*i,  the  tul»e  A  is,  in  ih«»  fir^^t  f-Uv, 
al>out  half  filled  with  tlry  air,  or  any  other  gas  fn>m  llie  ::!.»U»  .V. 
which  can  l»e  sen'wed  on  to  tlie  sti»|K*o<*k  b  in  phice  <»f  the  tiinn**l 
('.  The  tunn<*l  C  i*i  proxiiliMl  with  a  stopcrx'k  of  a  (Hvulur 
con^'tiiietion.      Tht;  yXwi  of  the  c«H»k,   ri*f)n»scnliNl  at  n,  \s^  D'j< 
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I^erced,  as  usual,  completely  through,  but  has  simply  a  small 
caTity  on  one  side.  Having  now  adjusted  the  quantity  of  mer- 
cury in  the  apparatus  bo  that  it  shall 
stand  at  the  same  height  in  both  tubes, 
and  having  poured  a  quantity  of  liquid 
into  the  tunnel,  we  open  the  cock  b 
and  turn  the  plug  of  the  cock  a  bo 
that  the  liquid  may  be  introduced 
drop  by  drop  into  the  tube  A.  The 
confined  gas  becomes  thus  saturated 
vrith  vapor,  and,  expanding,  depress- 
es the  mercury-coUimn.  We  then 
restore  tlie  original  volume  by  pour- 
ing mercury  into  the  tube  B.  The 
tension  of  the  mixture  of  gas  and 
vapor  is  now  evidently  equal  to  the 
pressure  of  the  air  plus  the  pressure 
of  the  mercury-column  Bo.  thus  prov- 
ing that  the  tension  of  the  confined 
gas  has  been  increased  by  the  tension 
of  the  vapor.  By  referring  to  the 
tables,  it  will  be  found  that  the  in- 
crease of  tension  is  exactly  equal  to 
tlie  maximum  tension  of  tlie  same 
vapor  in  a  vacuum,  when  exposed  to  nfiM 

the  same  temperature. 

(313.)  Hygrometers.  —  Every  cubic  metre  of  the  atmosphere 
in  immediate  contact  with  tlie  eartli  is,  in  all  respects,  similarly 
situated  towards  the  ponds  and  rivers  of  the  globe  as  is  the  air 
of  the  cubic  vessel  towards  tlic  water  it  contains.  Every  cubic 
metre  of  the  atmosphere  is  capable  of  holding,  for  any  tempera- 
ture, the  same  amount  of  aqueous  vapor,  and  vapor  of  the  same 
tension,  as  the  vessel ;  moreover,  water  will  continue  to  evaporate 
into  the  atmosphere  until  the  vapor  has  acquired  the  tension 
and  specific  gravity  which  correspond  to  the  temperature.  There 
are,  tlierefore,  around  tlie  globe,  as  in  the  cubic  vessel,  two  at- 
mospheres, one  of  air  and  the  other  of  vapor.  Wlion  tlie  mr 
has  taken  up  all  the  vapor  which  it  is  capable  of  holding  at 
the  temperature,  it  is  said  to  be  saturated  or  moist ;  when  less, 
it  is  said  to  be  dry.    In  the  last  case,  it  is  capable  of  absorbing 
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more  water,  Und  of  course  dries  np  the  moistofe  Gram 
stances  with  which  it  may  be  in  contact  Tlius,  if  the 
ature  is  20"*,  the  air  is  saturated  with  vapor  when  it 
tains  in  every  cubic  metre  17.157  granunes  (see  taMo  oo 
571)  ;  if  it  contained  only  12.746  grammes  it  would  be  drv, 
since  then  every  cubic  metro  of  air  could  abeorb  4.411  gnasmti 
more.  But  if  the  temperature  falls  to  15*,  then  by  the  taUe 
12.746  grammes  will  completely  saturate  each  ciibie  metre ;  m> 
tliat  a  cubic  metre  of  air  containing  12.746  grammes  of  Tafntr 
is  saturated  when  the  temperature  is  15*,  alUioogh  dry  wbra 
it  is  20^ 

The  moisture  of  the  atmosphere  at  any  temperature  depewk, 
then,  not  simply  on  the  amount  of  vapor  which  it  coiitaint,  bet 
on  the  proportion  which  this  amount  bears  to  tiie  whole  quaaitr 
which  it  could  possibly  contain  at  the  given  temperature.    The 
fraction  which  is  obtained  by  dividing  the  actual  weight  of  vapor 
in  a  cubic  mg^re  of  the  atmosphere  by  tlie  weight  which  it  wottU 
contain  were  it  completely  saturated  with  aqueous  vapor»  is  called 
the  relative  humidity.     It  follows  from  Mariotte^a  law,  that  the 
weights  of  two  masses  of  vapor  occupying  eqiud  rolumes  are  to 
each  other  as  their  tensions,  W\  W'^a  ^i  ^\\  hence  the  rela- 
tive humidity  may  also  l)e  obtained  by  dividing  the  tension  of  the 
vu{)or  actually  contained  in  the  air  by  the  tension  tlie  vm[K>r  wouU 
have  if  the  atmosphere  were  saturated^  that  is,  bv  tlie  maximum 
tension  for  the  temjjcralure,  as  given  in  Table  X.      In  order  t*> 
fiiul,  then,  the  relative  humidity  of  tlie  atmosphere  at  any  gJTfs 
time,  we  in  tlie  first  place  observe  its  tem]>eraturc ;  and  in  il^ 
second  jilace,  we  ascertain  by  experiment  the  tension  of  the  ^ar«»f 
which  it  actually  contains.    The  tension  is  found  in  the  fuUo«ir.i: 
manner. 

If  we  cool  down  a  cubic  metre  of  the  atmosphere,  wt»  »hill 
come,  S(M)ner  or  later,  to  a  tem|>erature  at  which  the  teuMiio  of 
tlie  va|H)r  is  at  its  maximum.  Thus,  for  example,  if  the  tomp»*r- 
atun*  of  the  atm»)spliere  is  20",  and  the  tension  of  tlie  va|^»r  i: 
contains,  ami  whieh  we  wish  to  find,  is  1.2<>W  cm.,  we  shall.  ^ 
cooling:  one  cubic  metre  to  l.V,  n^ach  a  temperature  at  whicL 
l.'J'*»l*l»  c  ni.  is  the  maximum  tensiim,  and  consequentlr  a  ten- 
jK^raturo  at  which  the  air  will  Im?  saturated  by  the  vapor  mntained 
in  it.  If  now  we  c<k)1  it  Ih'Iow  this  fK>int,  a  portion  of  the  vii*v 
will  be  deiK)bited  in  tlie  form  of  mist  or  dew.     The  tempetrnture, 
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then,  at  which  dew  would  be  deposited,  were  the  atmosphere 
eooled  down,  is  the  temperature  at  which  the  tension  of  the  vapor 
contained  in  it  would  be  at  its  maximum.  This  temperature 
is  technically  termed  the  dew-point.  It  can  easily  be  observed  in 
the  following  way.  Take  a  brightly  polished  silver  cup  and  fill 
it  with  water.  Place  in  it  a  sensitive  thermometer,  which  will 
indicate  promptly  any  changes  of  temperature,  and  then  add 
ice  in  small  pieces,  waiting  until  one  piece  is  melted  before  add- 
ing another,  and  constantly  stirring  the  water  with  the  thermom* 
eter  in  order  to  render  the  temperature  uniform  throughout 
the  mass.  The  silver  cup,  as  it  is  thus  slowly  cooled,  will  cool 
in  its  turn  the  thin  layer  of  air  which  immediately  surrounds  it, 
and  sooner  or  later  tliis  air  will  be  reduced  to  the  temperature  at 
which  the  vapor  it  contains  completely  saturates  it.  At  that  mo- 
ment the  polished  surface  of  the  cup  will  be  dimmed  by  a  depo- 
sition of  dew.  Note  carefully  the  temperature  at  which  this  first 
takes  place  ;  and  then  allow  the  cup  to  warm,  and  note  carefully 
the  temperature  at  which  the  dimness  disappears.  The  two  tem- 
peratures should  very  nearly  correspond,  and  the  mean  may  be 
taken  as  the  dew-point.  Having  found  the  dew-point,  we  can  easily 
ascertain  the  relative  humidity  of  the  air  by  means  of  the  table 
of  tensions.  Opposite  to  the  dew-point  we  find  the  actual  tension 
of  the  vapor  in  the  atmosphere.  Opposite  to  the  temperature  of 
the  air  at  the  time  of  the  experiment,  we  find  the  maximum 
tension  which  the  vapor  could  attain ;  and  since,  as  we  have 
seen,  the  weight  of  vapor  is  proportional  to  the  tension,  we  can 
obtain  at  once  the  relative  humidity  by  dividing  the  first  by  the 
last.     To  illustrate  this  by  an  example :  — 

The  temperature  of  the  air  is  20"*.  The  dew-point,  found  as 
just  described,  is  15".  What  is  the  relative  humidity?  The 
maximum  tension  of  vapor  at  the  dew-point  is  12.699  m.  m.,  and 
this  is  the  actual  tension  of  the  vapor  in  the  atmosphere.  Tlie 
maximum  tension  of  vapor  at  20"  is  17.891  m.  m.,  and  this  is  the 
tension  which  the  vapor  would  have  were  the  atmosphere  satu- 
rated. ^  =  .73  is,  then,  the  relative  humidity.  The  at- 
mosphere, therefore,  contains  73  per  cent  of  the  whole  amount 
it  could  possibly  contain  at  20".  Prom  the  relative  humidity,  it 
is  easy  to  calculate  the  amount  of  vapor  contained  in  a  cubic 
metre.  By  referring  to  the  table,  we  ascertain  the  total  amount 
which  the  cubic  metre  could  contain  at  the  given  temperature ; 
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mnd  hj  multiplying  this  by  the  fhtction  exprening  the  trbtnv 
humidity,  we  aecertaiu  tho  unoiuit  which  it  actually  contait 
Tims,  in  the  example  just  given,  the  total  amount  of  Trnpor  wiaik 
one  cubic  metre  of  air  at  20*  can  contain  is  17.157  gcamaMs. 
It  actually  contains  only  73  per  cent  of  this  amooBt,  that  ii. 
17.157  X  .78  =  12.525  grammes. 

It  appears,  then,  that  the  dotermination  of  the  amoiuit  of  npsr 
in  the  atmosphere  resolves  itself  practically  into  the  ofawmtiaa 


Hi  mt. 

of  (fiP  ilow-poinl.  Tliis  can  l>c  ol>senod  with  duffioient  accuTacr. 
for  must  [nir|MiM's,  with  a  ttiiii  silver  cup  and  ihormiHwiiT.  i' 
di'scriliMl  alKive  ;  l>iit  wlivr«  gn'jiliT  accuracy  is  n-^niirvd,  tin- 1-*" 
WTMiiioii^  I'iiM  W  niiitli-  more  rajmilv,  as  well  as  with  eo-attrr  <*r- 
tJiinty,  with  the  livgnmntiT  of  Rfpiiniilt.  which  is  r»'pr\."»«"nt'>l  in 
Fiir.  44*;.  It  coii^ists  <.f  two  Mivcr  tliinililcs  4,.t  c,  m.  hiirh  sixl 
•J'»  111.  ni.  in  diniurlcr.  nimii-  very  thin,  and  hrightly  piili>lH'd  on 
till-  oul-iilo.  Thoso  iliiiiil<l<'<i  arc  ccmonted  to  the  bolt«>m  of  two 
pl;i>iH  tiiU'ii  /),  K.  Kiich  (if  thoMf  contain  ihcrmooM'tcr*  erwlu- 
ai''i|  III  ti'iithfi  iif  a  di'pn-c,  kopt  in  place  by  corks.  Thnmeli  thf 
ciirk  iif  tin;  tiilic  D  ^>as!^.■s  a  umall  tuk',  v1,o|ien  at  lnnh  M»i 
and  cxtvuding  tu  tho  bottom  of  Uie  silver  Uiimble.     The  a|il>cr 
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part  of  the  tabe  D  communicates,  through  the  lateral  tubulature 
and  through  the  stem  of  the  support,  vitb  an  aspirator,  G,  by 
means  of  which  tur  can  be  drawn  through  the  apparatus.  Tlie 
tube  E,  which  does  not  communicate  with  the  aspirator,  coutaine 
a  thermometer  for  observing  the  temperature  of  the  air. 

In  order  to  use  the  apparatus,  the  tube  D  is  half  filled  with 
ether ;  then,  on  opening  the  stopcock  of  the  aspirator,  the  water 
which  it  contains  flows  out,  and  the  Eur  required  to  supply  its 
place  fiowe  in  at  the  tube  A,  bubbling  up  tlmmgh  the  ether. 
The  rapid  evaporation  caused  by  this  current  of  air  soon  cools 
the  temperature  of  the  silver  thimble  to  the  dew-point.  At  the 
moment  a  fllm  of  moisture  appears  on  the  polished  surface,  the 
temperature  iudicated  by  the  tliermometor  T  is  carefully  noted, 
as  well  also  as  tlie  temperature  of  the  ur  given  by  the  thermom- 
eter t,  and  wo  have  then  tlie  elements  for  calculating  the  rela- 
tive humidity  of  the  atmosphere.  By  careful  manipulation,  the 
dew-point  can  be  observed  with  this  instrument  to  one  tenth  of 
a  Centigrade  degree.  Tlte  second  silver  thimble,  on  the  tube 
£,  serves  not  only  to  protect  tlte  bulb  of  the  thermometer,  but 
also,  by  comparison,  enables  the  observer  to  detect  a  sliglit  trace 
of  moisture  ou  the  surface  of  the  first,  which  might  otlierwise  be 
overlooked. 

The  hygrometer  of  Daniells,  repre- 
sented in  Fig.  447,  is  based  on  the 
same  principle  as  that  of  Regnault, 
but  is  much  less  delicate  in  its  indica> 
tion.  It  consists  of  two  bulbs  con- 
nected by  a  siphon-tube,  from  which 
the  air  has  been  expelled  by  hermeti' 
cally  sealing  the  instrument  when 
filled  with  ether  vapor.  The' bulb 
A  is  about  half  filled  with  ether, 
and  contains  the  bulb  of  a  small 
thermometer.  Moreover,  a  zone  of 
the  bulb  is  gilt,  and  burnished  so  that 
the  deposition  of  the  dew  upon  it  may 
be  easily  perceived.  The  other  bulb 
is  covered  with  muslin.    When  an  ob- 

aer^'ation  is  to  be  made,  the  muslin  is  moistened  with  ether,  which 
is  dropped  very  slowly  from  a  bottle.    The  evaporaUon  of  the 
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ether  from  the  muslin,  by  cooling  the  bulb  B  and  coodaQifaf  Iht 
vapor  of  ether  wiiich  it  contains,  causes  a  vorj  rapid  eraporatna 
from  the  surface  of  the  liquid  in  the  bulb  A.  Bj  this  means  tht 
gilt  zone  is  soon  cooled  to  the  dew-point,  a  deposition  of  derw  mA- 
eating  when  the  point  is  reached.  The  temperature  at  wUdi  tht 
dew  is  first  deposited  is  carefully  observed  by  means  of  the  oh 
closed  thermometer,  and  also  the  temperature  at  which  it  iba^ 
pears  when  the  temperature  of  the  bulb  A  is  afterwards  allowed 
to  rise.  The  two  observations  should  not  difier  much  firooi  etch 
other,  and  their  mean  is  tlio  dew-point. 

The  relative  humidity  of  tlie  air  may  also  bo  estimated,  thSoofh 
with  less  accuracy,  from  the  rapidity  with  which  water  evaporaloi 
when  exposed  to  it ;  since,  as  is  evident,  tlie  drier  the  air,  tht 
more  rapid  will  be  the  evaporation.  The  instrument  used  for 
this  purpose  is  called  a  psychrometer^  or  a  weP4mlb  kpgromHer. 
It  consists  of  two  thermometers,  the  bulb  of  one  of  which  is  oyv* 
ered  with  muslin  and  kept  constantly  moist,  while  the  bulb  of  tht 
other  is  dry.  The  last  indicates  the  temperature  of  the  air ;  bol 
the  first  always  indicates  a  lower  temperature,  owing  to  the  lateat 
heat  absorbed  by  the  evaporation  of  the  water  from  the  surfluse  of 
the  bulb,  except  when  Uie  air  is  fully  saturated  with  mobtiink 
The  difference  l)etween  tlie  two  thermometers  will  be  the  frreatvr 
the  more  rapid  the  cva{)oration,  that  is,  the  greater  the  drrnen 
of  the  air.  From  the  tem])eratures  of  the  two  Uiermomelor^  we 
can  calculate  the  tension  of  the  vapor  in  the  atmosphere  by  metai 
of  the  empirical  formula, 


Q   =z  maximum  tension  of  vapor  at  lowettt  tempcnuure. 
I    =  tem(M'rature  of  dry -bulb  thermometer. 
i'   =  t(*m|>eniture  <»f  wet-bulb  tbermumeter. 
//,  =  Ix'iglit  «>f  ImnniK'ier. 
OlO  —  t'  :=.  bit«»ni  heal  of  the  vn|»or  of  water  (etmijiare  tU^)), 
X    :=.  tennion  of  aqui^oud  va|)or  at  the  time  of  obM^nalMiii. 

FVom  the  value  of  j:  the  ndativo  Immiditv  can  l>o  easily  calculated 
hy  <li\  iilin^  hy  the  maximum  tension,  as*  liofore  ileMTilKni. 

Tht?  aUne  are  the  formula*  of  Kegiiault  as  modified  from  th^ 
original  formula  of  AugU!«t.     They  are  in  a  measure  empirioilt 
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•nd  founded  on  theoretical  consideratioBB,  for  which  ve  must 
refer  to  the  original  memoir.  The  last  fonnula,  as  Bcgiiault 
found,  gives  accurate  results  when  the  air  is  not  more  than  four 
tenths  saturated.  Otherwise,  the  first  should  be  used.  For  tem- 
peratures below  freezing,  which  suppose  the  wet  bulb  to  be  cov- 
ered with  a  Sim  of  ice,  the  value  610  —  i'  must  be  changed  to 
610 -^IQ  —  X  ^=  689  —  T*,  since  the  amount  of  heat  required  to 
change  ice  uito  vapor  is  greater  hy  79  luiits  (the  heat  of  fusion) 
than  that  which  would  be  required  to  change  water  into  vapor 
of  the  same  temperature  and  tension.  For  the  value  of  M,,  it  is 
generally  sufficient  to  take  the  mean  barometric  pressure  of  the 
place  of  observation.  In  the  Meteorological  Tables  prepared  by 
Professor  Arnold  Guyot,  and  published  by  the  Smithsonian  Insti- 
tution, will  be  found  tables  by  which,  from  the  indications  of  the 
psychrometer,  the  tentiion  of  vapor  and  relative  humidity  may  be 
ascertained  by  inspection.  As  the  indications  of  the  psychrometer 
are  discovered  by  simple  inspection,  it  would  entirely  supersede 
all  otlier  hygrometers  were  tbe  formula  by  wliich  the  tension  of 
vapor  is  deduced  from  the  observed  data  perfectly  trustworthy. 
They  are  sufficiently  so  for  the  purposes  of  meteorology,  but 
results  obtained  with  Begnault's  liygrometer  are  in  all  cases  to 
be  preferred. 

Still  a  third  class  of  liygrometers  is  based 
upon  the  fact  that  many  solids  swell  od  imbibing 
moisture,  and  contract  again  on  drying.  This  is 
the  case  with  most  dry  organic  substances,  such 
as  whalelxine,  wood,  parchment,  and  hair.  The 
hygrometer  of  Deluc  consists  of  a  very  thin  piece 
of  whalelKtne,  wliich,  in  expanding  and  coutract- 
uig,  moves  an  index ;  and  a  variety  of  toys,  in 
which  a  change  in  the  degree  of  humidity  of  the 
air  is  shown  by  tlie  motion  of  a  pasteboard  figure, 
are  made  on  the  same  principle.  But  the  only 
trustworthy  or  even  approximatively  accurate 
hygrometer  of  this  class  is  the  hair  hygrometer  of 
Saussure,  as  modified  by  Regnault.  It  is  rep- 
resented in  Fig.  448,  and  consists  essentially  of  a 
human  haii,  c,  previously  freed  from  fat  by  being  "'  "* 

soaked  in  ether,  and  so  fixed  in  a  copper  frame  that  its  expansion 
aod  contraction  will  move  a  needle  over  a  graduated  arc.    Each 
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instrument  is  graduated  experimentallj  bj  fdaciiig  it  in  a 
fined  space  kept  in  a  known  state  of  humiditj  by  the 
of  sulphuric  acid  of  diflerent  degrees  of  strength.  Unlike  iIn 
other  hygrometers,  this  instrument  gives  at  once  tlie*relatif« 
humidity  of  the  air,  and  its  indications  are  independent  of  iIn 
temperature.  Unfortunately,  however,  it  is  liable  to  TmnataoM» 
and  must  be  adjusted  from  time  to  time  by  means  of  the  soli- 
tioiis  employed  in  graduating  it. 

The  last,  but  the  most  accurate,  method  of  determining  the 
amount  of  vapor  in  the  air,  consists  in  drawing  through  a  tab« 
containing  chloride  of  calcium,  or  some  other  powerful  abiQrb> 
ent,  a  measured  volume  of  air,  by  means  of  an  aspirator.  The 
increased  weight  of  the  tube  will  give  at  once  the  weight  of  vapor 
contained  in  the  known  volume  of  air.  This  process  is  moeh 
too  complicated,  however,  to  admit  of  general  applicatioQ ;  bm 
it  may  be  used  to  advantage  where  great  accuracy  is  required,  or 
in  verifying  the  results  of  the  other  more  expeditious  methudi.* 
(314.)  Drying  Apparatus.  —  It  is  frequently  necessaiy  in  tibt 
practice  of  chemistry  to  remove  from  a  solid  body  the  moistnre 
adhering  to  its  surface,  or  otherwise  mechanically  onited  with  tt. 
This  is,  generally,  readily  accomplished  by  exposing  the  solid  to 
dry  air,  into  which  the  moisture  evaporates.  If  Uie  solid  will 
bear  the  tenii>erature  of  100**  without  undergoing  change,  we  caa 

use  the  drying  oven  already  desorilied  <  2i^ ) ; 
but  if  not,  we  eflect  the  same  objt^rt  si  tix 
ordinary  temfjerature  by  placing  tlie  solid  nn- 
der  a  l>ell-gljiss,  over  a  dish  containing  o»do*t.- 
trated  sulphuric  acid.  In  this  case  Uk*  n\H*i- 
ity  of  the  eva{)oration  is  greatly  a<xvlt'n:r<i 
by  exhausting  the  air.  The  arrangonH^ut  p;- 
n»sent<Ml  in  Fig.  44U  may  Iw  umhI  f.>r  Ui.« 
puqH>s(»,  and  also  for  concent  rat  inir  mJiiU'l* 
of  chemical  eomiNiuiidH  which  would  U»  ah»^«i 
riK. «.)  by  a  hij^h  t«*m|ierature.      In  drying  in»«l*  "O 

a  lar^e  seale  in  the  art**,  it  h  im(ii>rtA£:t 
to  kri'p  in  mind  two  faets  :  first,  that  the  ca[MUMty  of  sir  f»r 
h<»Miiitr  innjvtun*  inrn»ases  very  rapidly  wiih  the  teni|K*rsturv: 
ami,  viucMitlly,  that  a  very  eonsiderable  time  must  eUfitto  M'^r- 

*  For  m  full  »<*i^)unt  of  the  nietlKNN  of  hT);roin^trT  a*  neviMHl  br  Rr|piAm!t.  ««  L« 
'  f::ii<U*«  »ar  rilv^^rumetrir."  AnuaUt  de  Chimie  ct  de  Utrtaqve,  3*  Mia,  Toa.  XT. 
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■fte  air  is  saturated,  —  the  longer,  the  lower  the  temperature. 
An  advantage  is  therefore  gained  by  keeping  the  air  m  the  drying 
chamber  at  as  high  a  temperature  as  is  compatible  with  the  cir- 
cumstances, and  preventing  it  from  escaping  until  it  is  absolutely 
saturated  with  humidity.  In  no  case,  however,  can  water  be 
evaporated  by  heated  air  in  a  drying  stove  as  economically  as 
in  a  close  boiler. 


ORIGIN  OP  HEAT. 

(316.)  Sources  of  Heat.  — The  sun's  rays  are  the  great  source 
of  heat  on  the  surface  of  the  globe.  The  amount  of  heat  which 
thus  enters  the  eartli's  atmosphere  from  the  sun  during  a  year 
has  been  estimated  by  Pouillet  to  be  equal  on  an  average  to 
281,675  imits  for  every  square  centimetre  of  the  earth's  surface. 
In  order  to  give  an  idea  of  this  quantity,  Pouillet  states  that  it 
would  be  sufficient  to  melt  a  layer  of  ice  enveloping  the  earth 
80.89  metres  thick.  Of  this  amount,  however,  the  surface  of  the 
earth  only  receives  about  two  thirds,  the  rest  being  absorbed  by 
the  atmosphere.  Besides  the  heat  which  it  is  constantly  receiv- 
ing from  the  sun,  the  earth  has  also  a  great  store  of  heat  within 
its  own  mass,  called  the  central  heat.  It  has  already  been  stated, 
that  the  spheroidal  figure  of  the  earth  is  probably  owing  to  the 
fact,  that  the  globe  was  once  a  fluid  mass  ;  and  we  have  reason 
to  believe  that  it  is  so  now,  with  the  exception  of  a  comparatively 
thin  crust  on  the  surface.  From  observations  made  in  mines 
and  Artesian  wells,  we  find  that  the  temperature  of  the  crust 
rapidly  increases  as  we  descend  from  the  surface  of  the  earth. 
The  rate  of  increase  varies  in  different  places,  but  may  be  stated, 
on  an  average,  to  be  about  one  degree  for  every  30  or  40  metres. 
At  this  rate  of  increase,  assumed  to  be  the  same  at  all  depths, 
the  temperature  of  the  crust  at  the  depth  of  about  2,700  metres 
must  be  that  of  boiling  water,  and  at  a  depth  of  35  kilometres 
that  of  melting  iron,  while  at  70  kilometres  all  known  mineral 
substances  would  be  in  complete  fusion.  It  is  probable,  there- 
fore, that  the  thickness  of  the  crust  of  the  earth  is  not  greater 
than  xiv  of  its  radius,  and  might  be  represented  by  a  sheet  of 
pasteboard  on  a  large  artificial  globe.  Nevertheless,  the  conduct- 
ing power  of  the  crust  is  so  slight,  that  the  effect  of  the  central 
heat  is  hardly  felt  on  the  surface ;  and  Fourier  has  calculated 
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that  it  does  not  elovate  the  mean  temperatare  of  the  aiiilm 
more  tliaii  ^^  of  a  degree. 

Besides  these  constant  sources  of  heat,  there  are  manj  olhen 
wliich  are  more  or  less  accidental  and  intermitteui.  In  geoertL 
any  motion  of  the  molecules  of  a  body,  whether  it  acccwif  niw 
a  chemical  or  a  physical  change,  is  attended  eitlier  by  an  rvtiiii- 
tion  or  by  an  absorption  of  heat ;  but  in  almost  every  case  the 
heat  thus  evolved  may  be  traced  back,  either  directly  or  iadi- 
recth\  to  the  sun.  The  accidental  sources  of  heat  mar  be  £- 
Tided  into  two  classes,  the  physical  and  the  chemical. 

(81G.)  Physical  Sources.  —  Of  the  physical  sources  of  beat* 
the  most  important  is  friction.  Count  Rumford  succeeded  ia 
boiling  water  by  the  friction  from  boring  a  cannon,  and  an  a|ipa> 
ratus  has  been  invented  in  France  for  generating  steam  by  meaai 
of  heat  produced  in  a  similar  way.  It  has  already  been  sbova 
(238)  that  there  is  an  exact  equivalence  between  the  heat  geoer 
ated  by  friction  and  the  mechanical  power  used  in  prodncinc 
it ;  and  it  is  {)ossible  that,  where  motive  power  b  abundant  aad 
fuel  expensive,  such  a  machine  might  be  used  to  advantage. 

Another  physical  source  of  heat  is  percussion,  as  is  illustnled 
by  tlie  common  flint-lock,  and  by  a  number  of  fiuniliar  bets. 
For  example,  a  small  bar  of  iron  may  be  heated  to  redness  on  ta 
anvil  by  blows  of  the  hammer  actively  applied,  and  a  liar  of  kad 
may  even  bo  melted  in  this  way.  In  like  manner  all  metab, 
when  rolled  out  into  plates,  drawn  mto  wire,  or  sulmiittoti  to  anj 
otluT  mechanical  process  by  which  the  relative  ]Mftsition  of  ihfir 
moli'cules  is  chanj^ed,  l)eeonie  more  or  lei<s  heatiNi.  Tli*»  litra: 
evolved  in  all  these  cases  appt»anj  to  be  due  to  an  internal  fn**t:«»a 
lietween  tlu*  )>artiele8  of  the  solid,  so  tliat  this  source  of  tn^t  d<je» 
not  ditTvT  esstMitiallv  from  the  last. 

A  thinl  source  of  heat  is  mechanical  conden^tion.  If  ^t 
dinuiiish  the  volume  of  a  IkkIv  by  mechanical  means,  it*  t«*m}»'ra- 
tun.'  is  at  once  raised,  and  an  amount  of  heat  is  evolved  which  :« 
probaMy  in  all  eases  eijual  to  that  which  would  l>e  riNjuiriHl  i4»  tx- 
pfind  ti»e  IhmIv  by  an  e<juivak»nt  amount  (compare  2.'iTV  Since 
Ixith  solids  and  liquids  are  but  f^lightly  compressible,  we  caniK< 
produci'  with  tlirui  anv  verv  marked  calorific  efTect^^  br  condt'u^a- 
lion.  It  is  different  wiili  pL^vs.  They  are  very  compressible,  ind 
tlnir  t<'iujMTature  can  Im»  greatly  raised  by  sudden  cond«*n<ati*«. 
This  is  illustrated  by  ihii /ire-st/riH^e  (Fig.  450).     It  consisU  oft 
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cylinder  of  glass,  and  of  a  piston,  which  closes  it  hermetically 
and  by  which  the  air  it  contains  may  be  condensed.  On  pushing 
in  the  piston  with  a  quick  and  forcible 
motion,  the  heat  evolved  by  the  condensar 
Hon  of  the  air  raises  the  temperature  sufii- 
ciently*to  inflame  a  piece  of  tinder,  which 
is  placed  in  a  cavity  provided  for  the  pur- 
pose on  the  under  side  of  the  piston.  This 
requires  a  temperature  of  at  least  SOO"*. 
A  bright  light  is  noticed  in  the  cylinder 
at  the  moment  of  the  maximum  condensa- 
tion, caused  by  the  burning  of  a  portion 
of  the  oil  with  which  the  piston  is  lubri- 
cated. 

The  only  other  mechanical  sources  of 
heat  usually  enumerated  in  this  connect 
tion  are  the  absorption  of  gases  or  liquids 
by  porous  solids,  the  change  of  the  state 
of  aggregation  of  a  substance,  and  elec- 
tricity. The  first  of  these  is  probably 
identical  with  the  one  last  considered, 
the  heat  in  every  case  originating  from 
condensation  caused  by  the  adhesion  of 
the  liquid  or  gas  to  the  surface  of  the  solid ;  the  second  has 
already  (277  and  299)  been  studied  at  length,  and  the  last  will 
be  considered  in  another  portion  of  the  work. 

(317.)  Chemical  Sources.  —  All  chemical  combination  is  at- 
tended with  the  evolution  of  heat ;  indeed,  this  is  the  chief  source 
of  artificial  heat  on  the  surface  of  the  globe.  When  the  combinar 
tion  takes  place  slowly,  as  when  iron  rusts  in  the  air,  the  heat  is 
dissipated  as  fast  as  it  is  evolved,  and  does  not  elevate  sensibly 
the  temperature  of  tlie  combining  substances ;  but  when  the 
combination  is  rapid,  the  heat  accumulates  in  the  bodies  and  pro- 
duces the  phenomena  of  combustion.  Combustion  is,  tlicrefore, 
simply  a  process  of  chemical  combination,  in  which  heat  is  evolved 
so  much  more  rapidly  than  it  is  conveyed  away  through  the  usual 
channels,  that  the  temperature  of  the  substances  is  retained  above 
the  point  of  ignition.  All  combustion  with  which  we  arc  generally 
familiar  consists  in  the  chemical  combination  of  the  burning  sub- 
stance with  the  oxygen  of  the  air ;  but  we  may  have  phenomena 
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of  intense  ignition  without  oxygen,  as  when  antimony  is  dro|i|»d 
in  powder  into  a  jar  of  chlorinei  or  when  phosphorus  is  mixed 
with  iodme.  The  quantity  of  lieat  evolved  during  chemical 
buiation  varies  very  greatiy  with  the  nature  of  Uie 
employed ;  but  it  is  always  constant  for  the  same  substances,  aad 
is  exactly  proportional  to  the  weight  of  each  which  is  used  in 
forming  the  compound.  Thus,  for  examplOi  from  one  kilograaune 
of  the  following  substances  there  is  always  evolved  the  amount  of 
heat  indicated  in  the  following  table  when  Uiey  combine 
oxygeui  or,  in  other  words,  when  they  bum. 


Hydn^en, 
Marsh  Goa, 
Olefiant  Gas 
Beeswax,     . 
Spermaceti, 
Stearic  Add, 


UoitiorHML 

.    84,462 

Oil  of  Torpentine, 

18,063 

Ether, 

.     11,858 

Alcohol, 

10,496 

Wood  ChartoAl,  . 

.     10,842 

Gas  Coke,       . 

9,716 

Native  Sulphur,  . 

1Q.60 


It  has,  moreover,  been  proved  that  the  amount  of  beat  evolved 
during  chemical  combination  is  precisely  the  same  whether  the 
union  be  rapid  or  slow,  and  also  whether  tlie  compound  be  fbnMd 
at  once  by  direct  combinatfon  or  by  several  successive  processes. 
But  ull  these  subjects  can  l>e  discussed  to  much  greater  advan- 
tage after  tlie  student  is  familiar  with  the  laws  of  cliemical  cons> 
liiuutiou ;  we  shall,  therefore,  defer  the  further  considerati^m  of 
them  until  then.  The  same  is  true,  also,  of  tlie  heal  €»\iih»ii 
by  the  processes  of  animal  life  ;  for  this  is  prolwibly  due  to  a  >1"W 
conii>usiion  which  takes  place  in  the  animal  body  under  the  inau- 
enee  of  vitalilv. 


PROPAGATION    OF    HEAT. 

(IHH.)  II(»at  mav  l>e  transmitted  from  one  bodv  to  anotbfr 
through  spare,  as  it  is  transmitted  fnmi  the  sun  to  the  earilu  *•: 
it  may  U?  eonnnunieated  from  jMirtiele  to  |iarticle  by  dirvvt  cuo- 
tact,  as  when  a  har  of  iron  is  lieated  by  placing  one  end  in  omia*-: 
witli  iirnil«Ml  eoals.  The  fir>t  of  these  metluMls  is  inUbHl  ratiuiium^ 
the  seron<l  conduction.  It  is  pnibable,  however,  that  coiiducti^Hi 
is  only  a  f<»rm  of  nidiation,  the  heat  lH*ing,  in  all  cajie5«  naduu«^ 
from  partiele  to  particle  throuirh  the  interveninp  s]mico!i«  whi<b 
may  be  e\ee4Mlini;ly  largo  as  com|iared  with  the  size  of  the  pa^ 
tides  theni*»elves  (75). 
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(819.)  Radiation.  —  When  we  stand  in  the  bright  sunshine 
or  before  a  blazing  fire,  and  feel  the  effect  of  the  rays  of  heat 
impinging  on  our  bodies,  we  are  led  to  perceive  that  heat  is  emit- 
ted from  the  surfaces  of  hot  bodies,  and  that  it  has  the  power  of 
traversing  space  and  transparent  media  like  the  atmosphere. 
But  it  is  also  probable  that  rays  of  heat  are  emitted  from  the 
surfaces  of  all  bodies  and  at  all  temperatures,  however  low, 
the  only  difierence  between  hot  and  cold  bodies  being  that  the 
first  radiate  more  heat  than  the  last.  In  a  room  where  there  is  a 
condition  of  thermal  equilibrium,  each  object  receives  as  much 
heat  as  it  radiates,  and  therefore  retains  its  own  temperature.  If 
one  object,  however,  becomes  warmer  than  the  rest,  —  the  stove, 
for  example, — then  it  radiates  more  heat  than  it  receives,  until  the 
equilibrium  is  again  established.  This  theory  explains  the  appar- 
ent radiation  of  cold,  which  we  feel  when  standing  before  a  large 
mass  of  ice.  It  is  not  that  the  ice  radiates  cold,  since  it  actually 
radiates  heat ;  but  as  the  body  receives  from  the  ice  less  heat 
than  it  radiates  towards  it,  we  feel  a  sensation  of  cold. 

The  phenomena  of  radiant  heat  are  in  all  respects  similar  to 
those  of  light,  and,  as  is  well  known,  the  rays  of  both  agents  are 
found  mixed  together  in  the  sunbeam  and  in  the  emanations  from 
most  luminous  objects.  Like  light,  radiant  heat  is  transmitted 
with  an  incredible  velocity  in  straight  lines,  and  its  intensity 
diminishes  as  the  square  of  the  distance  from  the  source.  If  the 
rays  of  heat  fall  on  a  polished  surface  they  are  reflected,  and  the 
angle  of  reflection  is  always  equal  to  the  angle  of  incidence.  If 
they  enter  a  transparent  medium  they  are  refracted,  and  for  the 
same  substance  the  sine  of  the  angle  of  refraction  always  bears  a 
constant  ratio  to  the  sine  of  the  angle  of  incidence.  If  they  are 
passed  through  a  prism  of  rock  salt,  they  are  divided  into  rays  of 
different  refrangibility,  which  stand  to  each  other  in  the  same  rela- 
tion as  the  different  colors  of  the  solar  spectrum ;  and,  lastly,  when 
reflected  or  refracted  at  a  certain  angle  by  different  substances, 
the  heat  rays  become  polarized  and  present  properties  similar  to 
those  of  polarized  light.  But  yet,  although  the  thermal  rays  thus 
closely  resemble  the  rays  of  light,  there  are  essential  differences 
between  the  two.  It  does  not  follow,  because  a  medium  transmits 
light  unchanged,  that  it  will  transmit  heat  with  equal  readiness  ; 
thus,  for  example,  a  crystal  of  alum,  even  if  perfectly  transpar- 
ent to  light,  is  almost  opaque  to  heat ;  and,  on  the  other  hand| 
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a  crystal  of  smoky  quartz,  which  will  hardly  tnuisniit  a  ray  ol 
light,  is  quite  transparent  to  heat.  Most  solid  and  liquid  nwdk 
whicli  arc  transparent  and  colorless  as  regards  liglit,  act  on  tbi 
rays  of  heat  in  the  same  way  that  colored  glasses  act  on  ligbt; 
transmitting  rays  of  certain  degrees  of  refrangibility,  but  nol 
others.  Thus,  for  example,  a  pane  of  colorless  glass  will  traii>> 
mit  nearly  all  the  rays  of  heat  from  the  sun,  while  it  will  ister* 
cept  the  greater  part  of  tliose  from  a  coal  fire,  and  abfolutely  aB 
the  rays  which  radiate  from  a  steam-pipe  heated  to  100*  ;  and  the 
same  is  true  to  a  still  greater  degree  of  water.  The  only  Mib- 
stance  which  is  perfectly  transparent  to  rays  of  heat  from  extrj 
source  is  rock-salt,  and  this  can  be  used  in  experiments  on  beat 
\n  the  same  way  that  glass  is  used  in  optical  experiments.  The 
phenomena  of  radiant  heat  are  best  explained  by  the  undolatory 
theory,  which  assumes  Uiat  tliey  are  caused  by  undulations  in  sa 
imponderable  medium  filling  all  space  ;  and  they  cannot  be  prof^ 
itably  studied  until  the  student  is  acquainted  witli  the  mechanifsl 
theory  of  light.  We  shall,  therefore,  notice  in  this  oannectioQ 
only  a  few  fieuniliar  facts  connected  witli  the  subject. 

The  unequal  power  which  different  bodies  possess  of  radiatinf 
heat  appears  to  depend  on  Uie  condition  of  tlie  surface,  and  not 
on  the  nature  of  the  substance  of  which  the  body  consists.  As  s 
general  rule,  the  greater  the  density  of  the  substance  at  tin?  Ef- 
face, the  less  is  the  radiating  power  of  the  Inxly.  Tim*,  the  Imr- 
nished  surfaces  of  the  metals  are  the  {K)4>rest  radiators,  whiio  tli« 
surfaces  of  jwijkt  and  similar  loose  materials  are  the  lie>l.  The 
very  best  radiator  of  all  is  a  surface  covered  with  lampblack.  If 
we  represtMit  the  radiating  jKjwer  of  such  a  surface  by  IW,  tlut 
of  a  silver  surface,  hammered  and  well  buruished,  will  lie  onlr  3. 

• 

Those  surfaces  wliich  radiate  heat  the  l>est  also  al>sorb  it  ibo  nj*»*t 
readily,  and  it  has  l>een  proved  that  the  absori»ing  |>ower  of  a  »ur» 
face  is  equal  to  the  radiating  jKiwer,  if  the  difference  between  tkt 
tem/>er(Uure  of  the  radiatini^  and  absorbing  surfaces  is  not  ^rai. 
On  the  otlier  hand,  the  |)ower  which  a  surface  possess***  of  n'fl«vt- 
ing  heat  is  always  in  the  inverse  nitio  of  its  {K)wer  of  a)iM>q»tioa ; 
that  is,  the  Iwst  absorU^nts  are  the  poorest  reflectom,  and  tlup 
reverse.  Hence  heat  is  lK»st  reflected  bv  surfaces  of  metal*  which 
have  iM'en  liamniered  and  |K)lished  ;  but  so  entirely  does  the 
power  of  n»tiecting  or  absorbing  heat  reside  in  the  surfatv,  that 
a  sheet  of  gilt  paper  answers  tlie  purpose  of  a  ruUoctor  nearly  si 
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well  as  a  mass  of  solid  gold.  The  power  which  a  surface  has  of 
absorbing  heat  varies  with  the  nature  of  the  source  from  which  it 
emanates,  while  its  radiating  power  remains  constant ;  the  two  are 
equal  only  under  the  condition  above  stated.  Hence  it  is  not  sin- 
gular that,  while  the  radiating  power  of  any  surface  is  unaffected 
by  its  color,  the  readiness  with  which  bodies  absorb  the  heat  of 
the  sun  depends,  in  great  measure  at  least,  if  not  entirely,  upon  it. 
Tliis  last  fact  was  noticed  by  Dr.  Franklin.  He  placed  pieces  of 
the  same  kind  of  cloth,  but  of  different  colors,  on  the  snow,  where 
they  were  equally  exposed  to  the  direct  rays  of  the  sun.  The 
black  cloth  absorbed  the  most  heat  and  sunk  deepest  into  the 
snow,  while  the  white  cloth  produced  but  little  effect.  The  other 
colored  cloths  produced  intermediate  effects ;  and  they  may  be 
arranged  according  to  their  absorbing  powers  as  follows  :  black, 
violet,  indigo,  blue,  green,  red,  yellow,  white. 

Numerous  illustrations  of  the  above  principles  may  be  found  in 
the  familiar  facts  of  every-day  life.  Water  can  be  heated  most 
rapidly  in  a  dull  iron  kettle,  whose  bottom  is  covered  with  soot, 
while  it  -can  be  kept  hot  longest  m  a  bright  silver  teapot.  The 
hot  air  from  a  furnace  is  best  conveyed  to  the  different  apartments 
of  a  building  in  tinned  iron  pipes,  which  are  poor  radiators, 
while  the  smoke-pipe  of  a  stove  is  best  made  of  rough  sheet-iron, 
for  the  opposite  reason.  The  melting  of  a  bank  of  snow  is  accel- 
erated by  sprinkling  over  its  surface  coal-dust,  because  its  very 
feeble  power  of  absorption  is  in  that  way  greatly  increased. 
Light-colored  garments  are  preferable  in  summer,  because  they 
do  not  readily  absorb  the  solar  rays  ;  in  winter,  when  the  object 
is  to  retain  the  heat  in  the  body  and  prevent  radiation,  the  color 
is  unimportant. 

The  phenomenon  of  dew,  first  correctly  explained  by  Dr.  Wells, 
is  another  beautiful  illustration  of  the  principles  of  radiation. 
The  earth  is  constantly  radiating  heat  into  space.  During  the 
daytime  this  loss  is  compensated  by  the  constant  supply  of  heat 
from  the  sun ;  but  as  soon  as  the  sun  sets,  the  supply  ceases, 
while  the  radiation  still  continues.  Consequently,  the  tempera- 
ture of  all  objects  on  the  surface  exposed  to  the  clear  sky  is  rap- 
idly reduced ;  if  their  temperature  falls  below  the  dew-point  (313) 
of  the  atmosphere,  dew  is  deposited  upon  them  as  on  a  glass  of 
iced  water,  or,  if  the  temperature  falls  below  the  freezing-point,  the 
dew  takes  the  form  of  hoar-frost.     On  cloudy  uights,  little  or  no 
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dew  is  deposited,  because  the  clouds  reflect  bftck  the  rmrs  of  hmx 
to  the  earth.  The  same  effect  is  produced  by  the  glass  sashes  or 
straw  mattings  which  are  used  by  gardeners  to  protect  jowtg 
plants  from  the  late  frosts  of  spring.  The  direct  rays  of  tbe  tna 
readily  pass  through  the  glass  during  tlie  daytime,  but  tbe  glMi 
reflects  back  the  heat  of  less  intensity  which  is  radiated  frucn  tbe 
earth  during  the  night.  On  windy  nights,  also,  little  or  dq  dew 
is  deposited,  because  the  layer  of  air  in  contact  with  the  radiatiiif 
crust  of  the  earth  is  so  frequently  renewed  that  its  tempenuiire 
does  not  hXl  to  the  dew-point ;  and  for  the  same  reaxin  dew  b 
more  copiously  deposited  in  a  valley  or  a  sequestered  dell  thaa  m 
the  top  of  a  hill ;  and  it  is  in  such  places,  also,  that  the  eari/ 
frosts  of  autumn  are  first  felt.  As  we  should  naturally  expect, 
we  find  that  in  any  given  place  tlie  dew  is  deposited  miMt 
copiously  on  the  best  radiators,  which  arc,  at  the  same  time, 
the  poorest  conductors ;  thus,  while  dew  is  deposited  in  a)»u> 
dance  on  the  shrubs  and  the  grass,  which  derive  man  beu<*fit 
from  the  moisture,  it  is  not  wasted  on  the  dry  path  and  njftd, 
whose  hard,  beaten  surfaces  render  them  poorer  railiat4ir«,  wliik 
at  the  same  time  their  iiigher  conducting  power  enables  them  Uj 
withdraw  heat  from  the  strata  below,  and  thus  in  part  make  cuud 
the  loss  which  the  radiation  mav  have  caused. 

"  lu  India,  near  the  town  of  Uooghly,  alH>ut  forty  miles  fr«x 
Calcutta,  the  principle  of  radiation  is  applied  to  tht»  artif:- .~. 
production  of  ice.  Flat,  shallow  excavations,  fnmi  one  i"  :• 
feet  deep,  arc  loosely  lined  with  rico  straw  or  some  »iniilar  li 
conductor  of  heat,  and  ujMin  the  surface  of  tliis  layer  an?  y\x^< 
shallow  pans  of  iK>rous  earthen-ware,  filled  with  water  i.»  i:- 
depth  of  one  or  two  inches.  Radiation  rapidly  rc«luce*  th»»  :•  n>- 
perature  lK.dow  the  freezing-j)oint,  and  thin  cru^tii  of  lev  i-  :v», 
which  are  removed  as  thev  are  nroiluced,  and  ^tnw♦•d  slwav  .u 
suital»le  ice-houses  until  uitrlit,  when  the  ice  is  conv«»ViMi  in  Uia:» 
to  Cal<  utta.  Winter  is  the  ice-making  season,  viz.  from  lU^  r>: 
of  Noveml)er  to  the  middle  of  Fehruarv.*'  * 

(.120.)  Conduction,  —  That  <lense  and  compact  solid*  XiVt  tb* 
metals  an'  g<KKl  conductors  of  heat,  while  light  and  |»onui5  »i4ri« 
like  wo4k1  and  the  various  textile  fabrics  are  |n>4>r  ctuiductor^, 
is  a  matter  of  common  ex|H»riencc.      The  general  fact  luar  I* 
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Ulnstrated  by  means  of  the  apparatus 
of  Ingenbousz,  represented  in  Fig.  451. 
The  different  rods  attached  to  the  front 
of  the  brass  box,  made  of  Tarioas  ma- 
terials, are  covered  with  a  thin  layer  of 
wax  ;  and  on  turning  boiling  water  into 
the  box,  the  wax  melts  on  the  rods,  after 
a  certuQ  time,  to  unequal  distances, 
depending  on  their  relative  conducting  power. 

If  we  heat  one  end  of  a  metallic  rod  with  a  lamp,  as  repre- 
sented in  Fig.  452,  the  temperature  of  the  different  parts  of  the 
rod  will  gradually  increase,  until  a  point  is  reached  at  which  the 
heat  lost  by  radiation  is  equal  to  the  heat  received  from  the  Same 
by  conduction  through  the  bar.    If  now  we  test  the  temperature 


of  the  different  parts  of  the  bar  by  means  of  thermometers  placed 
at  equal  intervals,  say  of  one  decimetre  each,  it  will  be  found  that 
it  very  rapidly  decreases  as  we  go  from  the  source  of  heat ;  and 
if  the  distances  from  the  source  of  heat  increase  in  an  arith- 
metical progression,  the  excess  of  the  temperatures  of  the  suc- 
cessive sections  of  the  bar  above  the  temperature  of  the  air  will 
be  found  to  diminish  in  a  geometrical  progression.  Moreover,  it 
is  evident  that  the  rate  of  decrease  will  be  more  rapid  in  propor- 
tion as  the  conducting  power  of  the  bar  is  more  feeble ;  and  we 
can  determine  the  relative  conducting  powers  of  two  bars  by 
measuring  the  distances  from  the  source  of  beat  of  the  sections 
which  have  the  same  temperature,  for  it  can  easily  be  proved 
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th&t  tho  conducting  powon  are  to  each  other  u  the  tqnani  of 
these  distances.  Experimenting  in  this  my,  and  asiag  a  drlicaie 
thermo-electric  pile  for  measuring  the  temperatures  of  tiie  ^ 
farcnt  sections  of  the  bars,  Mossn.  Wiedmann  and  Fram  it- 
tormined  the  relative  conducting  powen  of  rarioiu  metaU,  ■■ 
follows :  — 


Silver. 
Gold. 


Iron, 


100 
73.6 
53.2 
14.5 
11.9 


Sttel, 
Umd, 


ll.i 


U 


The  conducting  power  of  stones,  brick,  and  other  caitkr 
materials,  is  very  much  loss  than  that  of  the  metals,  and  the 
conducting  power  of  wood  and  other  organic  tissues  it  so  rerr 
feeble  that  they  are  usually  regarded  as  non-conductors.  It  m>* 
bo  assumed  as  a  rule,  although  it  has  many  exceptions,  that  ilie 
denser  a  l>ody  the  better  it  conducts  heat. 

Homogeneous  solids  and  crystals  belonging  to  th«  rvgolar  m- 

tem  conduct  boat  equally  in  all  directions ;  but  in  cirstals  not 

belonging  to  the  regular  system,  tlie  coDduct- 

iiig  power  varies  in  the  direction  of  nnfqtui 

axes.     This  fact  is  easily  shown  by  a  Nmpfe 

experiment  devisKxl  by  A>nannont,     IK-  t—k 

two  slices  of  a  quartz  crystal  <Fig.  -I.VH.  •■i^ 

cut  peqwiiiiicular  to  the  vertical  axis,  ami  iJf 

y     -.  other  jiarallel  toil;  through  the  conirv  of  ra.!i 

/^l^fc/\  jilutc  Iio  drilk-d  a  Hnall  conical  ajwrtutv  f-r 

I  ^^^Bl  the  roooptioii  of  a  silvi-r  win-,  one  eml  of  vhxh. 

I  j^B^^I  liciitc-d   in    iho  flame  of  a  lamp,  sirred  as  ■ 

I  V  ^B    2      ci-ntral   pourco   of   licat.      Pn'viou.«ly   to  iS? 

I  ^^^^r  Bpplientiuti  uf  the   heat,  he  had  covercii  tt»* 

I  ^^^H  slices  of  the  crystal  with  becfwax.     Ik'  fiMin^ 

I  ^^^^Pl  that  on  tlif  first  the  wax  m<>l(ed  in  tht*  form 

^^^^/  of  a    cin-lo    round  the   wire,  showing  thii 

quartz  comlncts  heat  equally  in  the  difvct>ja 

tit  ut-  of  its   eipial    and  laloral  axes  ;   but   on   the 

sccuikI  tho  wax  melted  in  the  form  of  an  ct- 

lijwc,  whose  longer  diameter  coincided  with  the  rcrtica)  axU  i/ 

the  cry^tal,  which  proved  that  the  conducting  power  ia  |iniir 
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in  this  direction  than  in  the  one  at  right  angles  to  it.  Similar 
facts  are  also  true  of  organized  structures  ;  thus;  wood  conducts 
heat  much  better  in  the  direction  of  its  fibres  than  across  them. 

Count  Rumford  concluded,  from  his  experiments,  that  liquids 
were  absolutely  non-conductors  ;  but  later  experiments  have 
shown  that  they  do  conduct  heat,  but  only  very  imperfectly.  De- 
spretz*  experimented  on  a  vertical  column  of  water  contained  in 
a  wooden  cylinder  one  metre  high  and  21.8  c.  m.  in  diameter, 
whose  upper  surface  he  exposed  to  a  constant  source  of  heat. 
By  means  of  thermometers  passing  through  tubulatures  on  the 
sides  of  the  cylinder,  he  observed  the  temperatures  of  horizontal 
sections  of  tbe  liquid  at  equal  distances  from  each  other.  At  the 
end  of  32  hours  the  thermometers  were  stationary,  and  the  dif- 
ferences between  the  temperatures  indicated  by  the  successive 
thermometers  and  the  temperature  of  the  air  were  found  to  form 
a  decreasing  geometrical  series,  as  in  a  solid  bar.  This  experi- 
ment proves  conclusively  that  water  conducts  heat ;  but,  never- 
theless, the  conducting  power  is  so  feeble,  that  water  may  be 
boiled  for  many  minutes  at  the  top  of  a  test-tube  without  oc- 
casioning the  slightest  inconvenience  to  the  person  who  holds 
the  lower  end.  Gaaes  are  still  poorer  conductors  of  heat  than 
liquids ;  but  yet  they  are  not  absolutely  non-conductors,  and  they 
differ  very  greatly  from  each  other  in  this  respect.  This  is 
proved  by  the  fact  that  a  hot  body  cools  more  rapidly  in  an  atr 
mosphere  of  hydrogen  than  in  air,  and  also  by  a  similar  fact, 
first  noticed  by  Grove,  that  a  platinum  wire  can  be  made  to  glow 
in  air  with  a  feebler  galvanic  current  than  it  can  in  hydrogen. 
In  order  to  heat  a  mass  of  liquid  or  gas,  we  always  apply  the 
heat  to  the  lowest  portion  of  the  containing  vessel ;  then,  as 
already  explained  (268),  currents  are  established  by  which  the 
particles  are  brought  into  actual  contact  with  the  source  of  heat. 
This  process  is  sometimes  distinguished  as  a  third  method  of 
communicating  heat,  and  called  convection. 

(321.)  Illustrations.  —  The  laws  of  conduction  furnish  the  ex- 
planation of  many  familiar  facts,  and  receive  many  important 
applications  both  in  the  arts  and  in  every-day  life.  Our  sensa- 
tions of  heat  and  cold  are  very  much  influenced  by  the  conductr 
ing  power  of  the  substances  with  which  the  body  comes  in  contact. 

*  Annalet  de  Chimie  et  de  Physique,  3*  S^rie,  Tom.  LXXI. 
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A  hearth,  for  example,  feek  colder  to  the  bare  feet  than  a 
floor,  and  this,  again,  colder  than  a  woollen  carpet^  eren  vbeo  all 
are  at  the  same  temperature.  The  obvious  explanatioo  ts,  tiMt 
stone  is  a  better  conductor  tlian  either  wood  or  wool,  and  thcr^ 
fore  removes  tlie  heat  from  the  body  more  rapidlj.  The  bodj,  if 
properly  protected  by  poor  conductors,  may  be  exposed  with  i» 
punity  to  air  heated  to  150^,  while  it  would  be  burnt  by  contact 
with  a  rod  of  metal  heated  to  only  50"^.  The  oven-girb  of  Gtt^ 
many,  protected  by  thick  woollen  garments,  enter  without  inooo- 
Tcnicnce  ovens  where  all  kinds  of  culinary  operations  are  foiiif 
on,  although  the  touch  of  any  metallic  articles  while  there  wg«U 
surely  burn  them.  • 

Water  in  pipes  laid  at  a  slight  depth  under  ground  as  not 
frozen  during  the  severest  winter,  because  the  soil  is  a  poor 
ductor ;  and  iron  safes  are  rendered  fire-proof  by  making 
with  double  walls,  and  filling  the  intervening  space  with 
conducting  materials.  Doors  of  furnaces,  ladles,  and  teapoii 
are  provided  with  wooden  handles,  to  protect  the  hand  from  the 
heated  metal ;  and  hot  dishes  are  placed  on  woollen  or  strsv 
mats,  which  prevent  the  polished  surface  of  tlie  table  from  beiaf 
scorched.  So  also  vessels  of  glass  or  porcelain  are  healed  ea 
a  8and-l)ath,  and  when  removed  from  the  fire  are  alm-av«  m4ri 
on  some  non-conductor,  as  they  are  liable  to  crack  when  suddeolj 
heated  or  cooled. 

The  efficacy  of  clothing  in  preventing  the  escape  of  the  hen 
of  the  UmIv  (ii»|MMids,  not  only  on  the  non-conducting  pi»w*»r  m' 
the  niatt'rial  itself,  but  also  on  that  of  the  air  which  is»  imf»hik«»rff^ 
by  it.  Hence  it  is  that  w<k»1,  fur,  and  eider-down,  which  tvul:: 
lar^e  Innlies  of  air  within  their  texture,  are  w>  well  adapt«'«i  v 
prot4»ct  the  Inxly  against  the  extreme  cold  of  winter.  The  »*rd"T 
of  the  coiiductibility  of  tlie  different  materials  ummI  for  clollii:^ 
is  as  foUows  :  linen,  silk,  cotton,  wool,  furs.  Acconlingly.  oAi  z 
lilieets  feel  warmer  than  linen  ones,  and  blankets  wanner  ihr; 
either.  In  sununer,  co:irse  linen  g(>o4ls  are  usotl.  l»ecaUM*  th-f 
allow  the  heat  to  i'scjiim*  from  the  UhIv  more  readilv  tlian  i»thfr 
materials,  wliil««  a  dress  of  fine  and  close  woollen  is  the  l*e*t  |««\- 
teetion  from  the  e<»|il  of  winter  except  furs. 

It  is  in  consequence  of  the  non-conductinfir  property  of  ra.«r«. 
that  doni»le  d«Mirs  and  windows,  which  include  a  laver  of  air  ^^e- 
twcen  them,  are  so  useful  in  preventing  tlio  heat  of  our  hoiuci 
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firom  escaping  outwards  ;  and  the  doable  walls  of  ice-houses, 
refrigerators,  or  water^^oolors,  for  preventing  the  heat  from  en- 
tering. For  the  same  reason,  snow,  which  encloses  large  quanti- 
ties of  air,  prevents  the  escape  of  the  heat  from  the  earth,  and 
limits  the  penetration  of  frost.  It  is  a  well-known  fact,  that 
the  ground  always  freezes  deeper  in  winters  without  snow  than 
when  it  aboimds.  But  it  is  unnecessary  to  multiply  these  illus- 
trations further. 

(322.)  CoefficierU  of  Conduction.  —  The  number  of  units  of 
heat  which  pass  in  one  second  through  a  solid  wall  1  m.  m.  thick 
and  having  an  area  of  1  ii?,  when  the  difference  between  the 
temperatures  of  the  two  faces  of  the  wall  is  equal  to  1^,  is  called 
the  coefficient  of  conduction  of  the  substance  of  which  the  wall 
consists.  The  coefficient  of  conduction  of  lead  was  determined 
by  Peclet  by  means  of  a  very  ingenious  apparatus,*  and  found 
to  be  3.82.  From  this,  the  coefficients  of  conduction  of  other 
solids  can  be  calculated  when  their  conductibility  as  compared 
with  lead  is  known.  We  give,  in  the  first  column  of  the  follow- 
ing table,  the  relative  conductibility  of  several  solids,  as  deter- 
mined by  Despretz  ;  and  in  the  second  column,  the  coefficients  of 
conduction,  which  have  been  calculated  as  just  described.  The 
results  of  Despretz,  however,  are  not  probably  as  accurate  as  those 
of  Wiedmann  and  Franz,  given  above. 


I. 

n. 

I. 

n. 

Gold,    . 

.     100.0 

21.28 

Tin, 

.     30.39 

6.46 

Platinum, . 

98.1 

20.95 

Lead,  • 

17.95 

3.82 

Silver,  .        • 

.       97.3 

20.71 

Marble,  . 

.       2.36 

0.48 

Copper, 

89.8 

19.11 

Porcelain,   . 

1.22 

0.24 

Iron,     . 

.       37.4 

7.95 

Baked  Clay,   . 

.       1.14 

0.23 

Zinc, 

36.3 

7.74 

When  the  coefficient  of  conduction  is  known,  we  can  easily 
calculate  the  amount  of  heat  in  units  which  will  pass  through  a 
given  metallic  plate  in  a  given  time,  by  means  of  the  following 
formula,  which  for  want  of  space  we  must  assume  without  proof. 


C=K 


^  '  ^JE~ 


[205.] 


In  this  formula,  K  represents  the  coefficient  of  conduction,  S  the 


*  Annaks  de  Cbimie  et  de  PhTsiqae,  8*  1 


n. 
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area  of  the  plate,  E  its  thickness,  and  /,  /'  the  temperature  d 
its  two  faces.  It  is  evident  that  the  quantity  of  beat  pamnf 
through  such  a  metallic  plate  in  a  second  of  time  iucrvai^^  in 
direct  proportion  with  the  conductibility  of  the  metal«  with  tbe 
area  of  tlie  plate,  and  with  the  difference  of  temperature  lietvera 
its  faces  ;  and  it  is  also  evident  that  the  amount  of  beat  dimin- 
ishes in  direct  proportion  to  the  thickness. 

It  has  already  been  stated  (805),  that,  in  making  boilers  for 
evaporating  water  or  other  liquids,  it  is  necessary  to  pay  refiri 
to  the  laws  of  conduction  ;  and  it  is  evident  from  the  abore  for- 
mula that  the  greater  the  conducting  power  of  the  metals,  the 
larger  the  area  of  the  heating  surface,  and  the  thinner  the  botkr- 
plates,  the  more  rapid  will  be  the  evaporation.  Hence  the  mituh 
tage  of  copper  over  iron  boilers,  and  also  the  reason  that  water 
will  evaporate  so  much  more  rapidly  in  a  silver  dish  than  ta 
one  either  of  glass  or  porcelain. 


CHAPTER    V. 


WEIGHING  AND  MEASUBIKG. 


(828.)  Recapitulation.  —  Most  methods  of  chemical  investiga- 
tion and  all  processes  of  ^an^i^a^tre  chemical  analysis  involve  the 
accurate  determination  of  the  amounts  of  small  masses  of  matr 
ter,  either  by  measure  or  by  weight.  The  mass  of  a  body,  that 
is,  the  quantity  of  matter  which  it  contains,  is  necessarily  inva- 
riable ;  but  its  weight  and  its  volume  are  liable  to  constant  va- 
riations, arising  from  changes  either  of  temperature  or  of  the 
pressure  of  the  atmosphere,  and  from  other  causes.  It  has  been 
one  great  object  of  the  present  volume  to  develop  the  principles  on 
which  these  variations  depend,  and  to  study  the  laws  which  they 
obey.  We  have  thus  been  led  to  different  methods  by  which  the 
observed  volumes  and  weights  of  bodies  may  be  reduced  to  cer- 
tain assumed  standards,  such  as  a  temperature  of  0^  C.  and  a 
pressure  of  76  c.  m. ;  and  it  will  be  the  object  of  the  remaining 
chapter  of  this  volume  to  illustrate  those  methods  by  a  few 
examples. 

SOLIDS. 

(324.)  Weight.  —  The  weight  of  a  solid  is  easily  determined 
by  means  of  the  balance.  The  theory  of  this  instrument  has 
been  already  given  at  length  (73),  and  the  methods  of  using  it 
are  so  simple  and  obvious  that  they  need  not  be  described  in 
detail.*  Were  it  not  for  the  presence  of  the  atmosphere,  the 
balance  would  give  at  once  the  exact  relative  weight  (71)  of  a 
body ;  but  weighing  the  body,  as  we  must,  immersed  in  the  air, 
the  diflFerence  of  the  buoyancy  which  the  air  exerts  on  the 
weights  and  on  the  body  may  make  the  apparent  weight  slightly 
different  from  the  actual  weight.  We  can  always,  however,  re 
duce  the  observed  weight  to  the  weight  in  vacuo  by  means  of 

*  For  the  best  methods  of  manipulating  a  delicate  balance,  and  for  the  prccantions 
required  in  arcnrate  weighing,  the  student  may  consult  th§  standard  work  of  Fresenius 
on  QaantitAtiTO  Analysis. 
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[91],  when  eiUicr  tho  volumes  or  the  specific  grftrities  of  htA 
the  weights  and  the  body  are  known.  For  this  purpose,  the 
heights  of  the  barometer  and  thermometer  are  oboerred  ai  Um 
time  of  weighing,  and  from  these  observed  data  the  weight  of  ooe 
cubic  centimetre  of  air  (tr),  required  in  making  the  redoctioii.  b 
easily  calculated  by  [215],  or  obtained  by  inspection  from  TbUe 
XIV.  In  weighing  either  solids  or  liquids,  however,  the  eornc^ 
tion  for  the  buoyancy  of  the  atmosphere  is  at  best  very  tarnR, 
and  may  be  entirely  neglected  except  in  the  very  iew  enrnm  where 
the  greatest  refinement  is  required ;  as,  for  example,  in  a^jiiitiiif 
standard  weights.  For  the  method  to  be  followed  in  such  casts* 
the  student  will  do  well  to  consult  the  admirable  memoir  of 
Professor  MiUer*  on  the  restoration  of  the  English  standards. 

(825.)  Specific  Gravity.  —  The  specific  gravity  of  a  sohttaKe 
has  been  defined  as  the  ratio  of  its  weight  to  that  of  an  eqml 
volume  of  pure  water  at  4**,  the  temperature  at  which  the  volniae 
of  tho  solid  is  measured  being  0*.  The  general  methods  bjr 
which  the  specific  gravity  of  solids  is  determined  have  beea 
already  described  (144-146),  and  we  havd  only  to  consider 
tlie  methods  by  which  results  obtained  at  other  tempenOnrei 
may  be  reduced  to  the  standard  temperatures. 

In  order  to  obtain  the  8f»eeific  gra\ity  of  a  solid,  we  determine. 
in  the  fii>t  place,  the  relative  weight  (  W)  of  the  UkIv  :  sod 
when  vory  grriit  accuracy  is  ro<[uiivd,  tho  woiplit  olnsontnl  in  thi* 
air  niav  ho  roilucod  as  just  doserilKHl.  We  next  sH.vk,  hv  om*  of 
tho  methods  of  (145)  and  (140),  the  woiglit  of  puiv  matter  (  W  \ 
displaced  hy  the  IkkIv  when  the  temi»eniture  of  the  waUT  i<  4*. 
and  that  of  tho  solid  0°  ;  and,  lastly,  we  calculate  the  *j«h  i.V 
gravity  hy  dividing  tho  first  woijfht  hy  tho  la>t.  Prarti-alU. 
the  value  of  W'  is  always  detormined  at  Mmie  tom|n»r^iuiv.  r. 
higher  than  tho  stantianl  teniiK»nituro8,  and  tho  sauK*  f«»r  U^h 
suli<l  and  water ;  and,  l>oforo  usinjr  it  in  calculatinir  tho  *jit>:V 
)iravity,  it  is  necessary  to  dotermino  what  would  W  \Vs  %ai-.  • 
assiiniin^  tliat  the  water  was  at  4°  and  the  solid  at  0*.  In  Ti»r: 
XVI.  we  have  given  the  siHritio  gnivity  of  water  at  dififr-nut 
trnijM'ratiires  n^ffrnnl  to  water  at  4*  as  unity.  Re{%n^!K«*ntiiif. 
tht  lu  tlie  h|K'<ilic  gnivity  at  C  hy  ^^  and  alK>  tlie  weiirhl  of  wit»r 
ilivphired    re>jH*ctively  at  /*    and    4°  hy  Wf  and    IfV,  wo  thall 


•  l*tulo«ophical  Trmosactioos.  rart  III.    LomlfMi,  ISSC 
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have;  evidently,  (assuming  that  the  volume  of  the  solid  is  in- 
variable,) 

TT^  :  TTi^  =  1  :  a,    or     W^o  =  W^  j  .         [206.] 

But  the  volume  of  the  solid  is  not  invariable,  and  it  displaces  at 
0"*  (Uie  standard  temperature  for  the  solid)  less  water  than  at  ^°. 
Representing  the  volumes  of  the  solid  at  0^  and  f"  by  F^  and 

FJ.  respectively^  we  have,  by  [166],  Fi.  =  Fj*         ^  .     Since 

the  two  weights  of  water  displaced  by  the  solid  when  at  0^  and  f* 
must  be  proportional  to  the  volumes  of  the  solid  at  these  tempera- 
tures, (assuming  now  that  the  temperature  of  the  water  is  invaria- 

y 
bly  at  4**,)  we  shall  also  have  W^o :  W\o  =  Fi» :      .  ^  .    Hence, 

and  by  [206], 

Having  thus  obtained  the  weight  of  water  at  4**  displaced  by  the 
solid  at  0®,  this  value,  ITV,  is  to  be  used  in  place  of  W'  in  [87]. 
The  last  factor  of  [207]  is  always  very  nearly  unity,  and  can  in 
most  cases  be  neglected  without  appreciable  error.  When  the 
coefficient  of  expansion  is  not  accurately  known,  and  great  accu- 
racy is  required,  the  value  of  K  may  be  eliminated  from  [207] 
by  makuig  two  determinations  of  the  weight  of  water  displaced 
at  temperatures  differing  as  widely  from  each  other  as  the  cir- 
cumstances will  permit.  In  very  accurate  determinations  the 
temperature  of  the  water  should  bo  observed  to  the  tenth  of  a 
Centigrade  degree  ;  and  if  the  value  of  8  is  not  given  in  the 
table  for  the  observed  temperature,  it  can  easily  be  determined  by 
interpolation.     Compare  (289).* 

*  The  most  accarate  method  of  determining;  the  specific  gravity  of  a  solid  is  the 
one  with  the  hydrostatic  balance  (146),  which  should  always  be  ased  when  the  nature 
of  the  substance  will  admit  of  it.  The  body  is  best  suspended  from  the  pan  of  the 
balance  by  a  single  fibre  of  silk,  or  by  a  very  fine  human  hair,  and  the  temperature  of 
the  water  observed  by  means  of  a  very  delicate  thermometer,  adjustetl  so  that  the 
bulb  may  be  nearly  in  contact  with  the  body,  and  so  that  the  division  may  be  read  by 
a  telescope  placed  outside  of  the  balance-case.  When  the  solid  is  in  powder,  it  can  be 
•apported  under  water  in  a  small  glass  cup  suspended  to  the  pan  of  the  balance  by  a 
platinum  wire.  In  this  case,  it  is  necessary  to  weigh,  first,  the  cup  under  water,  im- 
mened  to  a  point  maiked  on  the  platinnm  wire.    We  then  weigh  the  cup  containing 
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(826.)  Volume.  —  The  Tolame  of  a  solid  can  rardj  be  iekt- 
mined  with  accuracy  bj  direct  measurement.  It  is  tberelur« 
generally  calculated  from  ^e  weight  and  the  specific  grmntr  U 
means  of  the  formula  [56] .  Several  examples  of  such  cakul*- 
tions  have  already  been  given  among  the  problems. 


tho  powder  immersed  to  the  uune  point,  taking  care  ifant  the  leuipeii»e  li  i 
ai  before.    The  diflference  between  these  weights  ai,  endentlj,  tlw  vctglii  of  i 
placed  by  tho  solid  at  the  obeenred  temperature,  which  most  be  ledTrd  lo  ftm 
teroperatnres  by  |807|.    Lastly,  we  wash  the  powder  into  a  laf«4  beakcr-glaM. 
rate  tho  water,  and  determine  the  weight  of  the  solid.    The  aufy 
roetliod  of  experimenting  arises  from  the  hct  that  the  resistaDce  of  dte 
motion  of  the  cup  renders  tho  balance  less  sensitire  and  prompc  in  iu  ■ 

When  the  solid  is  in  powder,  Yerj  accurate  results  can  be  obcaai 
grarity  buttlo  ( 145).  The  neck  of  the  bottle  shoold  he  made  with  a  tbkk  risa. 
square  at  the  top,  and  the  glass  stopper  should  he  so  fitted  as  boI  to  have 
between  tho  two  in  which  water  can  collect.  In  order  to  determine  its  specific  gtew. 
a  known  weight,  IF,  of  the  powder  is  introduced  into  the  bottle  with  wmirr,  wmi  siv 
the  entangled  air  has  been  remoTcd  by  an  airpump,  the  bottle  is  snspcoilrd  is  a  kfffe 
benkcr  of  water  whose  temperature  is  rcrj  slightly  higher  than  that  of  the 
tempemture,  (,  is  carefullr  obserred  by  means  of  a  delicate  themoiDrtcr.  i 
placed  near  the  bottle.  After  an  equilibrium  is  established,  the  stopprr  is 
the  neck  of  tlie  bottle  while  it  is  still  under  water.  The  bottle  cma  thra  be 
and,  after  baring  been  wiped  dry,  weighed  at  leisure.  This  is  the  wei|^  H^t  of  [M 
For  every  speciAc-gravity  bottle,  we  determine  once  for  all  the  weight,  HV  of  viar 
which  it  contains  atO^.  This  is  a  constant  for  that  bottle,  and  from  it  wv  can  ewhy 
calculate  the  weight  of  tlie  bottle  filled  with  water  at  f^,  or  W^  by  the  formaia, 

in  w}ii<h  If  i>i  the  weight  of  the  (;laM,  K  the  coefficient  of  expAnition  i*f  slam,  *»f  ' 
the  >[»e«  itir  ^jniviiy  of  wHter  at  f^,  n'fenreti  to  water  at  0^  as  «nit\.  il^  i;t«m  ht  lLi*€ 
XVI.     The  wei^'hl  of  the  water  difplncetl  at  r^  is  now  detcrmtiH>i  by  the 


whi«h  U  thrn  rr<luce*l  to  the  »tan«lunl  icmi>cmtun«  hx  |207). 

The  rhrnu"«t  frecjueiitly  ha.^  o<•ea^inn  to  determine  the  specific  pniTicM^  cf  »•  .♦ 
whi<-ii  an*  MiluMe  in  water.  For  thi%  {>uqHH«e  he  si'Iects  some  inai*livr  hi^oul.  a^i  &• 
nlnthol.  j^'lv«f  line,  or  oil  of  tuqwniine,  an<l  tJr*t  fimN,  by  one  of  the  nx^ihtHl*  «•:  A 
MTi'itl,  ifje  \%(i;:hi  of  thi^  li.jui«l  tliopliirtMl  liv  the  lio*ly,  exaitly  as  «li«  n  u»u.^  mhif* 
l)if  ti  iiifH'raiun*  U'iiij;  tanfuUy  oli*4rve«l.  He  tlien  determines  the  •|*>-i!W  j;-»«/»  i 
ihi*  li«|ti)<l  u«iHl  nt  the  •^luw  t**ni|ierutun*  ait  U^fore,  and  from  t))e«e  data  rmiuiy  rairakJr* 
the  oiKiitit  gravity  of  tlie  »oh(l.  The  student  will  be  able  to  devi*e  a  furmaU  foe  tkr 
|iur]M>««-. 

Ill  ail  .1.  ii«  afe  t!«tenninaiion«  of  «|m<  ifir  jn^rity  it  it  eai>ential  to  u<c  tr^rral 
of  thi-  »u^»tan«v,  fiuix'  oiherwuH*  a  ^»ry  i>mall  error  in  the  weighing  will 
|xin.it.(   <rTi>r  in   (he  result.     It  i«  alMi  eM»eiitial   to  rrnMivo  any   air  wharh  saav  W 
eiit.ii.^'!»«l  in  ihf  iiilen»litv«  or  raviti«'»  of  \\h*  nolid.     Tlii*  can  be  done  rtihrr  b<r 
tlx'   !i>jui«l    ifi    nhtrh   the  »(iii(l  i«   ininirr»4^1,  or  hy    |4a«-tng  the  Yr««rl 
li«|ui«l  and  Miliil  uoWer  the  rvcei>er  of  an  air-pump  and  exhausting  the  air. 
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LIQUIDS. 

(827.)  Weig^ht  and  Specific  Gravity.  —  The  weight  of  a  liquid 
can  be  most  accurately  determined  by  direct  weighing,  and  the 
weight  of  the  liquid  in  the  atmosphere  may  be  reduced  to  the 
weight  in  vacuo  exactly  as  in  the  case  of  solids ;  only  the  tare  of 
the  flask  in  which  the  liquid  is  enclosed  must  be  taken  under  tlie 
same  circumstances  of  temperature  and  pressure  as  those  under 
which  the  liquid  is  weighed.  Such  niceties,  however,  are  very 
rarely  necessary. 

The  specific  gravity  of  a  liquid  determined  at  an  observed 
temperature,  t*  by  either  of  the  methods  described  in  (145) 
and  (146),  can  easily  be  reduced  to  the  standard  temperature 
when  the  law  of  expansion  of  the  liquid  is  known.  For  this  pur- 
pose, we  first  calculate  the  volume  of  the  liquid  at  /*  (^),  the 
volume  at  0**  being  unity,  by  means  of  the  empirical  formula 
expressing  the  law  of  expansion  (255)  ;  and  since  the  specific 
gravity  at  different  temperatures  must  be  inversely  as  the  volume, 
we  have 

Fr. :  1  =  (;^. Gr.)(p  :  (i^. Gr.)^. , 
and  [209.] 

(i^.Gr.)a.  =  (i^.Gr.)io  Fic 

In  most  cases  with  which  the  chemist  meets  in  practice,  however, 
the  law  of  expansion  is  not  known.  It  is  then  best  to  determine 
by  direct  experiment  the  specific  gravity  of  the  liquid  at  the  stand- 
ard temperature.  An  apparatus  invented  by  Regnault  (Fig.  454) 
may  be  used  with  advantage  for  this  purpose.  It  is  merely  a 
specific-gravity  bottle,  so  shaped  that  it  can  readily  be  surrounded 
by  melting  ice  and  the  volume  of  the  liquid  measured  with 
great  accuracy.  It  is,  in  the  first  place,  filled,  like  a  thermometer- 
tube,  with  the  liquid  to  be  examined,  which  is  then  cooled  to  0® 
by  surrounding  the  apparatus  supported  on  its  stand  with  pulver- 

*  By  "  (ipecific  fn^vitj  of  a  liquid  at  the  temperature  t "  is  meant  the  weight  of  the 
liquid  divided  by  the  wei^^ht  of  an  equal  volume  of  water,  the  liquid  being  meaiiured  at  t^ 
and  the  water  at  4^.  In  u^ing  a  specific-gravity  bottle  (145),  we  have  only  to  determine 
for  each  substance  the  weight,  IV,  of  liquid  which  exactly  fills  the  bottle  at  t^.  Having 
previously  determined,  once  for  all,  the  weight  of  water  at  4^  which  the  bottle  will  con- 
tain at  the  same  temperature,  we  can  easily  calculate  by  |166]  the  weight  of  water  at 
4^  which  the  bottle  would  hold  tif>.  In  using  the  hydrostatic  baUnoe,  the  rosults  may 
be  reduced  in  a  similar  way. 
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Ailer  an  equilibriam  of  tempentare  is  e 
excess  of  the  liquid  is  r 
bibulous  psper^  until  tba  h^ai 
etaods  »t  %  point  nwrked  «i  Ae 
fine  tube  which  fomu  the  neck  d 
the  bottle.  1^  tpparstus  ■■  ww 
closed  with  its  glass  sto|»per,  and  it 
m»j  then  be  remoTed  tmm  ibe  ice. 
TJped  dry,  and  weighed  ml  kimn. 
By  subtracting  tram  this  we^hl  the 
tare  of  the  ^iss  and  the  hrmsm  stand. 
we  obtain  the  weight  of  liquid  whick 
the  apparatus  holds  at  0*,  wfaidi,  di- 
vided by  the  weight  of  water  it  cua- 
tains  at  4*  (preTionalj  deteniuDcdj, 
gives  the  exact  specific  graTiiy. 

(328.)    Votmme.  —  The   roluDH 
of  liquids  are  generally  dcierauMd 
f^tM.  by  direct  measuremeut.     For  thb 

purpose  a  great  Tarieir  of  gnd- 
uated  glasses  are  used,  which  are  described  in  detail  in  taat 
works  on  Cliemical  Munipulatiou  or  Chemical  Analr^*.* 
These  instruments  for  cbcmicol  purposes  arc  usually  gn•il^ 
atcMl  ill  culiic  cciitimptres,  and  arc  only  standanl  at  if.  TV 
process  <jf  nu^nsiirciuent  is,  however,  fieldom  no  accuraio  a*  t- 
muke  it  im|Kirtaiit  to  n'pird  the  clmnge  of  volume  which  lb« 
glass  iinili^rsTficM  from  chanprs  of  teni|ieratun!.  The  sam>'.  h-»- 
cvcr,  i.s  not  triiK  in  n'jjnnl  to  the  litpiid  itsvlf ;  wW':^-  STt*\ 
acL'iirui-y  is  nijuireii,  it  is  iniiM>rtant  to  ol»scrvo  tlie  i^ni[i>'ntar!- 
at  wliii-li  itio  ni>-;i>'iin'iii<>iit  in  made,  and  to  rvduo'  the  uliwnvi 
vuhniK!  ti)  the  slniidanl  toinitoratun.'  Iiy  n>eans  of  i)tc  vni[iirv^ 
foriiiiila  (^iVi),  which  exiirosses  ihc  law  of  eiitan^iion  of  tbv  p>ec 

The  viihinio  of  ti  liipiicl  ran  1)0  determined  with  preatiT  ac«- 
nn-y  \-\  [.'I'l]  ;  thiit  is.  by  divi.ling  the  w.Mjrht  of  Ih.'  lii|uid  l-y  ii-* 
^[Mri^nr  jrriivily  for  ibo  Ieni|KTaluro  at  nliieh  the  volume  i»  i*- 
qiiiri'il.  This  nit'thiMl  is  fniiiieatly  used,  in  chemical  im'wata- 
tii>tis,  for  iiK'asuriiig  the  vuliiuie  uf  a  g1a»s  vcsm'I.      For  this  pa^ 

*  A  TPTT  n>iii|.l.ic  Jc«(Ti|iUoa  uf  tliil  cla«  U  in 
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poee,  ve  determine  vith  a  delicate  bttlance  the  weight  of  mercury 
or  distilled  w&ter  which  the  Tessel  contains  at  an  observed  tem- 
jtfarature.  Tliis  weight,  divided  by  the  specific  gravity  of  mercury 
or  water  for  the  given  temperature,  (pves  the  volume  of  the 
Tessel  at  that  temperature.  If  tlie  weight  is  accurate  to  one 
centigramme,  the  volume  may  thus  be  measured  within  the  thou- 
sandth or  the  hundredth  of  a  cubic  centimetre,  according  as 
mercury  or  water  was  used  iu  the  determination.  Knowing  now 
the  volume  of  the  vessel  at  a  given  temperature,  t,  and  also  the 
coefficient  of  expansion  of  glass  (245),  we  can  easily  calculate 
by  [167]  the  volume  at  any  other  temperature  (241). 


OASES  AND   TAP0B3. 

(S29.)  We^ht.  —  The  weights  of  equal  volumes  of  the  best 
known  gases  and  vapors  liave  been  determined  with  great  care  by 
several  experimenters,  and  it  is  now  seldom  necessary  to  repeat 
the  determination.  Those  of  air,  oxygen,  nitrogen,  hydrogen,  and 
carbonic  acid  were  determined  by  Regnault,  and  are  among  the 
most  accurate  constants  of  science.  The  method  which  he  used 
will  serve  to  illustrate  tlie  general  method  followed  in  such  cases. 

Begnault  weighed  the  gases  in  a  large  glass  globe,  whose  volume,  V, 
had  been  measured  in  the  way  just  de- 
(cribed.  In  order  to  avoid  the  always 
uncertain  correction  made  necessary  by 
changes  in  the  buoyancy  of  the  atmosphere 
during  the  course  of  the  experiments,  he 
equipoised  this  globe  by  another  globe  of 
the  same  siie  and  made  of  the  same  kind 
of  glass  (see  Fig.  256) ;  bo  completely 
did  this  simple  provision  effect  its  object, 
that  in  one  experiment  he  saw  the  etjui- 
librium  maintained  during  fourteen  days,  in 
spite  of  great  change  in  the  temperature, 
pressure,  and  moisture  of  the  air.  The  ex- 
periments were  conducted  in  the  following 
way.  The  globe,  having  been  surrounded 
with  melting  ice  (Fig.  455),  and  connected 
by  a  lead  tube  with  the  manometer  t  f  and 
also  with  an  air-pump  through  the  branch 
tqbe  a  m,  was  first  filled  with  pwfeclly  pure  and  |     .    This  was 
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effected  by  exhantdng  it  aerend  times,  mnd,  after  eadi 
Decting  it  with  the  vessel  in  which  the  gms  was  generating  throngii  a 
of  U  tubes,  by  which  the  crude  gas  was  dried  and  purified.  The  |Mt 
was  then  exhausted  again  as  perfectly  as  possible,  and  the  ictiskMi  of  iIm 
small  amount  of  gas  remaining  in  it  ascertained  by  meaMiring  tKe  brifk 
a  fl  with  a  cathetometer.  Represent  this  by  A^  This  measamwMit  hiv- 
ing been  made  and  the  stopcock  closed,  the  globe  was  disoonneded  frum 
the  manometer,  removed  from  the  ioe,  and,  having  been  carefully  rlraord. 
suspended  to  one  pan  of  a  very  strong  and  delicate  balance,  and  ooq»- 
terpoised  by  a  second  globe  as  above  described.  The  globe  w««  tkri 
returned  to  its  fin(t  poiiition,  and  the  connection  having  be«Q  SMMle  ■• 
before,  it  was  again  filled  with  the  same  gas  under  the  preeaure  of  the  atr. 
Represent  the  pressure,  as  given  by  the  barometer,  by  H,  Lastly,  the 
globe  was  a  second  time  suspended  from  the  balance,  and  the  incrtatt  of 
weight  determined,  which  we  will  call  IV.  This  evidently  was  the  weifte 
of  a  volume  of  gas  equal  to  the  volume  of  the  globe  measured  at  0", 
and  under  a  pressure  of  H^  —  A*.  The  weight  of  one  cubic  centiaiecrt 
of  the  gas  at  0^,  and  under  a  pressure  of  76  c  m.,  was  then  raktibtcd  hj 
the  formula. 

The  results  obtained  by  Reguault  were  as  follows :  — 

Nun*  of  Om.  *J~;  mm0mMmim 

o»^t«7-  <r«^;«e  •. 

Air, l.OODOO  1.2'J,ilM7 

Kitmpcn, .         .         .         .         0.971.37  1.25tiU'»7 

Oxygen,        ....     1. 10503  1.4:^J^^2 

Ily.lr«>j:(Mi,         .         .         .         006926  0.«w*J578 

CarlKHiic  Acid,      .         .         .     l.^l^lHil  1.977414 

It  was  (liMM)vered  hy  Gay-Lu?sac,  that  all  gases  combine  with 
each  othiT  in  vory  simple  projK>rlioiis  by  volume.  This  n*mark- 
aMi»  law  will  bo  coiisidert'd  at  length  in  another  {K)rtion  of  ilii» 
work.  It  is  sutVR'it'nt  i'ov  tlio  present  to  Niy,  that  it  give*  us  the 
moans  of  caliulating  from  tho  woight  of  one  litre  of  oxyg\»n  the 
woi^ht  of  one  litro  of  any  other  ga^  when  the  chemical  ci^uiva- 
lont  and  tho  oomhinini^  volume  an)  known.  In  this  wav  tlie 
valuos  givon  in  tho  fifth  ocilunm  of  Tahle  II.  have  l>een  calcu- 
latotl.  Thov  are  not  exactly  equal  to  thoiie  ohtainiHl  br  dirvct 
ex|M»rimont,  prohaMy  InH-auso  tho  different  gase?«  are  unequally 
com|>n'»»siMl  l»y  the  woight  of  tho  atmosphere.  The  actual  weiichts 
an  obsiTvod  can  always  be  obtained  by  multiplying  the  ^ 
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gravity  by  observation,"  given  in  Tables  III.  and  IV.,  by  1.29206. 
the  weight  of  one  litre  of  air. 

The  weight  of  one  litre  of  a  vapor  at  0**  and  76  c.  m.  is  of 
course  a  fiction,  since  all  those  gases  generally  known  as  vapors 
(292)  would  be  condensed  to  liquids  under  these  conditions  of 
temperature  and  pressure.  It  is  convenient,  however,  in  many 
calculations,  to  know  the  weight  which  one  litre  of  a  vapor  would 
have  at  the  standard  temperature  and  pressure,  assuming  that  it 
could  retain  its  aeriform  condition  under  these  circumstances; 
the  weights  of  the  vapors  are  tlierefore  given  in  Table  II.  in 
connection  with  those  of  the  gases. 

Knowing,  then,  the  weight  of  one  litre,  and  hence  also  of  one 
cubic  centimetre,  of  all  the  more  important  gases  and  vapors  at 
0**  and  at  76  c.  m.,  when  perfectly  dry,  we  can  easily  calculate 
from  these  constants  the  weight  of  one  cubic  centimetre  of  any 
of  these  gases  when  saturated  with  aqueous  vapor,  and  at  any 
given  temperature  and  pressure.  The  following  formula  for  the 
purpose  is  easily  deduced  from  [100],  [184],  and  [203],  re- 
membering that  the  weight  of  one  cubic  centimetre  of  any  given 
mass  of  gas  must  be  inversely  as  its  volume. 

«'  =  «'•  r+o:6o366<  •  ^^yr^-         t^ii.] 

This  formula  gives  the  weight  of  the  gas  only,  not  including 
the  weight  of  aqueous  vapor  mixed  with  it ;  if  the  gas  is  dry,  1^ 
becomes  0,  and  of  course  disappears.  Using  the  weight  of  one 
litre  of  aqueous  vapor  at  0**  and  76  c.  m.  given  in  Table  II., 
we  can  easily  calculate  by  [211]  the  weight  of  one  cubic  metre  of 
aqueous  vapor  at  different  pressures  and  temperatures.  It  was  in 
this  way  that  the  values  given  on  page  671  were  obtained.  They 
are  not  absolutely  accurate,  because,  as  we  have  before  seen,  the 
vapor  deviates  from  the  law  of  Mariotte  before  reaching  its  maxi- 
mum tension,  while  the  formula  assumes  that  it  strictly  obeys 
the  law. 

The  weight  of  one  cubic  centimetre  of  a  gas  depends,  to  a  slight 
extent,  on  still  another  cause  not  yet  considered,  namely,  the  va- 
riations in  the  intensity  of  the  force  of  gravity  over  the  surface 
of  the  earth.  What  the  effect  of  such  variation  must  be  can 
easily  be  seen  by  taking  an  assumed  case.  Suppose,  then,  that 
the  intensity  of  the  earth's  attraction  were  exactly  doubled,  it 
is  evident  that  the  total  weight  of  the  atmosphere,  and  hence 


M 


670  CHEMICAL  PHTBICB. 

its  pressure,  would  be  doubled.  MoreoTer,  tlie  dtMty  «f  d 
gases  exposed  to  this  pressure  would  be  doubled  who :  sud  afl 
this  change  would  take  place  without  any  Tarimtian  m  the  bocks 
of  the  barometer ;  for  although  the  pressure  of  tbe  air  wouU  b» 
thus  increased,  the  weight  of  the  mercury-colamn  which  mt^^ 
ures  this  pressure  would  be  increased  in  tbe  same  proportkA. 
A  similar  cflcct  to  tills,  although  only  to  a  Teiy  slight  cxwsmu  b 
produced  by  the  small  variations  in  the  force  of  gravity  on  the 
eartlf  s  surface.  Other  things  being  equals  the  relaiirt  wrrisiu  ^/ 
one  cubic  centimetre  of  a  gas  at  different  places  ia  propurt^ubal 
to  the  force  of  gravity  at  these  places. 

ir:tr'=g':g^         and        tKssir'^-  [^^J 

The  weights  determined  by  Begnault,  and  given  <hi  page  *^\ 
are  only  exact  for  Paris,*  where  g  a=a  9.8096  ;  but  from  ilnrw  the 
weight  for  any  other  latitude  or  elevation  can  easily  W  calon- 
latcd  by  [40]  and  [47].  The  weights  given  in  the  fifth  cnluma 
of  Tabic  II.  were  calculated  for  the  latitude  of  the  Capi^4  a: 
Washington  (38*  63'  34")  and  the  sea  level.  Tliey  can  »i^?  ?^ 
duced  for  any  other  place  by  the  following  formula,  easilv  deriit^ 
from  [212],  [40],  and  [47]  :  — 

1  —  0.00259  C09  2  1  , ,_  , 

but  siicli  re^luction  is  seMoni  neeesiJarv. 

(">:iO.)  Sperijic  Gravity  of  Gases.  —  It  is  usual  to  n^f»T  \\>' 
PIK^ciiic  gravity  of  gases  to  air,  as  a  standard  of  comi»an^«:..  .:.- 
i?tea»l  of  water,  and  the  s|K'eiiie  gravity  of  a  gas  may  U*  d*  i::.-: 
as  the  nitio  of  its  weight  to  that  of  an  equal  volume  of  tlr\  i.:. 
l)oth  being  measured  at  0"  and  under  a  pressure  of  7*3  c.  m. 

Jifijuaulfs  Method,  —  Th«*  iiM»^t  Arciirate  methml  of  «M«ni]inirr  w 
pp^'citir  pnivity  of  a  pi*  i**  <hn.'  to  Kfjniault.  It  coci5iM.«  in  drirrr.iir.r^ 
wiili  tin*  apimnitUH  <li'M'nlK*«l  aUivr  (.'<:?•.>)  the  wi'ijjht  «•!*  th«"  in*«n  Z^* 
wiiioii  u  larp'  ghi'i**  gloU>  will  <*<»iitain  at  0^  aiul  70  cm.,  luni  tltrn  tin^i- 
iiip  ihiH  wi'ipht  by  tliat  of  an  iM|iwil  vohimc  of  air  prpVH»u«ly  drirncir^ni 
in  \\\v  *am<*  way.  Thi-*  nxtluMl  n^quiivi*  no  furtht*r  «lt-M*n{»tiiicu  a.*  ifc^ 
imx**'-"*  »»r  «l«*ti'nninin;r  ihc  Wfi^rht  of  the  pa**  luut  nlrrailv  Xn-m  jn^ro  m 
detail.  It  admits  of  ;rn'at  atvurarv,  and  hhould  alwar.*  Iw  u«r\l  in 
drti-nnination-'. 


•  T\\r  UtitiKle  of  Hnnuialt't  lAlioratorr.  1  Paha,  is  4S«  W  U",  m4  ite  elm 

tlwnr  thf  •»•»  Irri'l  iiK  mt  60  mr»n*«. 
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Acfum'f  Mrthod,  —  When,  however,  the  very  greatest  accuracy  is  not 
raqoired,  as  in  the  inTestigations  luuallj  made  in  the  laborabiij  on  gas- 
eous bodies,  their  specific  gravity  can  be  obtained  by  dividing  the  weight 
of  the  gas  by  the  weight  of  the  same  volnme  of  dry  air  taken  at  the 
same  temperature  and  under  the  same  pressure.  This  ratio  is,  strictly 
spewing,  the  specific  gravi^  only  when  the  gas  obeys  exactly  the  law  of 
Mariotte,  and  has  the  same  coefficient  of  expansion  as  lur ;  but  it  is,  nev- 
ertheless, in  moat  cases  near  enough  for  all  practical  purposes.  Bunsen's 
method*  ban  application  of  this  principle.  He  employs,  for  determining 
the  spedfic  gravity  of  a  gas,  a  common  light  fiask,  g,  Fig.  456.    The  vol- 


n(.U0. 


ame  (^  this  flask  should  be  about  200  or  300  cubic  centimetres,  and  the 
neck,  a,  thickened  before  the  blowpipe,  should  be  drawn  oat  so  as  to  have 
an  aperture  of  the  tiiickness  of  a  straw,  into  which  a  glass  stopper  is 
ground  «r-tight  by  means  of  emery  and  turpentine.  Through  this  neck, 
which  is  furnished  with  an  etched  scale  in  millimetres,  mercury  is  poured 
by  means  of  a  funnel  reaching  to  the  bottom  of  the  flask,  until  the  whole 
is  filled.  As  soon  as  this  is  accomplished,  the  flask  is  transferred,  with  its 
mouth  downwards,  into  the  mercury-trough  A  A,  and  gas  ts  allowed  to 
enter,  until  ihe  level  of  mercury  in  the  neck  of  the  flask  stands  a  few 
millimetres  higher  than  in  the  trough.  In  order  to  prevent  the  gas  from 
becoming  mixed  with  air,  it  is  evolved  from  as  small  a  vessel  as  possible, 
and  allowed  to  enter  the  flask  through  a  narrow  delivery  tube,  and  in  the 
moist  slale-t    The  gas  is  dried  in  the  flask  itself  by  a  small  piece  of  fused 

*  Tliii  deseripiion  u  taken  from  Banun'a  QtMomntzj  (Roicae'i  tiaiuUdon),  vaiTiiig 
onlf  the  method  of  compnci      lie  nsn 
t  If  ^  gas  e      das  nurcmy,  ttM  fiaik  oannot  bs  AUed  In  tUs 
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chloride  of  calcium,  h^  which  has  |>revioa8lj  been  made  to 
the  side  of  the  flask  bj  bringing  it  into  contact  with  a  single  drop  of 
and  altematelj  heating  and  cooling  the  glass.  This  small  piere  of 
ride  of  calcium  serves  also  to  free  the  mercuiy  and  the  sidea  of  tkc 
from  all  adhering  moisture.  In  order  to  be  able  to  dose  the  flbsk  aft  aaf 
time  without  warming  it  with  the  hand,  the  little  lever  c/  u  emploTed. 
On  the  end  of  this  lever  the  stopper  is  so  fastened  in  a  oork,  thai  it  patifi 
into  the  neck  of  the  flask  without  ckising  it ;  and  the  lever  &•  krkl  m  itt 
right  place  bj  a  wedge,  d,  pushed  under  the  finger-plate  r.  As  $oam  m 
the  fla^k  has  attained  the  constant  temperature,  i,  of  the  laboraiorr,*  iht 
volume  t  of  the  gas,  T,  the  height  of  the  barometer,  N^  and  the  bright,  k^ 
of  the  column  of  mercury  in  the  neck  above  the  level  of  the  metal  in  the 
troii<j^h,  are  carefullj  observed.  It  is  now  necetsarj  to  determine  iht 
weight  of  this  volume  F.  For  this  purpose,  the  wedge  d  u  takm  awav : 
the  flask  g  is  therebj  closed,  and  by  withdrawing  the  pin  #,  it  can  then  be 
removed,  together  with  the  lever  cf,  from  the  troagh.  Having  dtaroo- 
nectcd  the  lever  from  the  stopper,  and  carefullj  cleaned  the  exterior  HiHane 

of  the  flask,  it  is  then  wrighrvL 
Let  W  represent  this  weight.  H  t 
the  height  of  the  bammrtrr.  a&4 
f  the  temperature  of  the  balaace 
at  the  time.  The  ghu«  stoffcr 
is  now  removed,  and  rrplmrrd  Ij 
an  india-rubber  tube,  lu  Vts  *(•'*. 
connected  with  a  dnring  tul<r.  k 
Tlie  apparatus  ihu*  aminsr»^i  i* 
|»lact»<l  und«*r  tlit*  rt»c«*i\t*r  U  m 
air-pumf^  anil.  l»v  aJif^roatfiT  n- 
linu^ting  and  ailmittin«r  thr  A.r. 
the  pk*  in  tlie  fla?»k  !•  npLv^i 
by  dn-  nir.  Tlie  drvin;?  «H<»*- 
ralii««  i%  thfn  di*ctmncitt-.I,  ^r  \ 
the  flii!*k  wrijrhtil  n^rufi-  <  '^' 
tliis  wcijrht  W\  Simv  tb»*  »' 
FU  4'T.  \\tL<  frt'C  acct**<  ln»th   ti>   thr  irt^^ 


mny  ;  Lut  *in«v  *iu  h  ;.m-c^  ftrv  alMm«t  invari«blr  hcaTtrr  tluuj  air.  it  c^n  ht  li.k»i  '< 
(!i«p!.ir«  tnrtit  The  Hiiok  U-in^  |iUi-ih1  jn  an  uprij^ht  {tovitiun.  antl  the  drlitTr*  :•>< 
cxti-ti'liti^  •|Mici*  to  tho  Uittoni,  the  ^^  U  allowrd  to  60W  in  »ja*\  o^ttAow  tKe  cD'<«:i 
until  nil  till-  iiir  hut  U-in  (*x[m!1«>iI.  The  tutie  i^  (hen  »Iut»lr  witiMlrmwii,  tbe  tk>«  v'/fM 
•till  I oiiTinuiii;:,  and  the  mouth  of  tin*  rta/»k  rloteU  hr  ita  »tu|*|ier. 

•  Tin  -M'  e\|H  rinj«*ntii  ihouM   U*  conduc^ted  in  a  rclUr-nxiCD,  tn  wbic-h  a 
ti*m|M  nitun'  run  U*  tnaintaine<l  fur  K-rrral  htmri. 

t  U<  fon*  UJiinu'  the  rta«k,  it  if  once  fur  all  carefallr  cAltbraftd,  aa<l  the  rolasM 
•pondint;  tu  ca<'h  division  ou  the  neck  inacrihcd  in  a  table,  whkh  Is  kepi 
ftnuikcot. 
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rior  and  the  exterior  Burface  of  the  flask,  it  is  erident  that  W*  is  sim- 
plj  the  weight  of  the  glass  of  the  vessel  and  of  the  small  amount  of 
merairj  and  chloride  of  calcium  which  it  contains,  less  the  weight  of 
air  which  these  materials  displace.  It  is  also  evident  that  Wmusi  be 
equal  to  W  increased  bj  the  weight  of  the  volume  of  gas,  K,  contained 
in  the  flask,  and  diminished  by  the  weight  of  air  displaced  bj  this  volume 
of  gas  when  the  flask  was  weighed.  The  weight  of  the  gas  is,  then,  equal 
to  W  —  W  -}-  W"  ;  in  which  W"  is  the  weight  of  V  cubic  centimetres 
of  dry  air  at  f^  and  H'q  c  m.,  calculated  by  [211].  To  obtain  the  specific 
gravity,  we  have  now  only  to  divide  tlie  weight  of  the  gas  by  the  weight 
of  an  equal  volume  of  air  measured  under  the  same  conditions  of  temper- 
ature and  pressure  at  which  the  gas  was  measured,  that  is,  at  f  and 
{B^ — Ao)c.m.  This  can  also  be  calculated  by  [211].  Representing 
then  this  last  weight  by  W*",  we  have  for  calculating  the  specific  gravity 
tlie  three  following  equations :  — 


bp.  Orr. ^jj^ ; 


[214.] 


W"  =  0.0012921  V 


^1 ff[o. 

1  -f  0.00366  e    '    76  ' 


W"  =  0.0012921  V 


1 ffo ^9 

1  + 0.00366 <   '  ~76~" 


[215.] 


[216.] 


As  an  example  of  the  method  of  calculation,  we  cite  the  following  from 
Bonsen's  work.  A  determination  of  the  specific  gravity  of  bromide  of 
methyl,  with  a  small  fiask  of  about  44  cm.*  capacity,  furnished  the  fol- 
lowing data :  — 

IT  =7.9465 gram.  ^'o  =  74.21  cm.    r=42.19  dTin.*     ^o=74.64cm. 
)r'  =  7.8397     "       e    =6^2  <  =16^8  ^0=2.43    " 


Calculation  of  W"* 

(l-f6^2it)     ar.  CO.  9.99025 

ir;=  74.21      log.  1.87046 

76.      ar.  CO.  8.11919 

V  =  42.19      log.  1.62521 

0.0012932  log.  7.11166 

IT"  =  0.052092   log.  8.71677 
W—  W  +  W"  =    0.158892 


Calculatian  of  W'"* 

(l-fl6^8it)   ar.  co.  9.97409 
^,— Ao=  72.21   log.  1.85860 

8.11919 
1.62521 
7.11166 

V"  =  0.048837  log.  8.68875 

log.  9.20110 

Specific  gravity  of  Bromide  of  Methyl,  3.253  log  0.51235 


•  TheTmlnes  of  W"  and  FF'"  can  \n 
lesf  Accuracy,  by  means  of  Table  XTV. 
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(331.)  Specific  OravUy  of  Vapors.^  —  As  will  ^>pear  fa  to- 
other portion  of  this  work,  the  determination  of  the  sp^Se 
gravity  of  vapors  is  one  of  the  most  important  processes  of  pnr- 
tical  chemistry.  We  always  make  the  detcrmiuatitins  al  a  tea:- 
perature  considerably  above  tlie  boiling-point  of  the  !iul>»taiftt>^  .t 
and  since  under  these  circumstances  a  vapor  \\ii»  all  the  prop* 
erties  of  a  gas  (292),  it  follows  that  its  specific  gravity  may  U: 
found  by  diWding  its  weight  by  the  weight  of  aa  equal  votajoe 
of  air  measured  under  the  same  conditions  of  temperature  and 
pressure.  The  method  of  determining  these  two  weiglits  usoaliy 
followed  in  tlie  case  of  vapors  is  precisely  similar  to  that  tiwd 
in  the  case  of  gases  and  described  in  tlie  last  section,  and  tlie 
same  formulae  may  be  used  in  calculating  the  results.  It  dif- 
fers from  it  only  in  the  details  of  tlie  manipulation,  and  in  Ibe 
fact  that,  on  account  of  the  high  temperature  to  which  the  vapor 
is  heated,  it  is  necessary  to  take  into  account  the  change  in  the 

*  Wc  ase  the  term  vapor  here  in  itf  ordiiuuy  teoM. 

t  The  nambcr  of  degrees  abore  the  boiling-point  at  whidi  a  Tapor  ftnt  atDfavs 
fully  the  properties  of  a  pennanent  ga«  rariet  rerj  greatljr  with  ditfcrvm  wAmmem 
Thus,  under  the  normal  preMure  of  the  air,  the  rapori  of  water  aDd  alnikol  •b«j  ^ 
law  of  Mariotte  at  a  tempcratore  only  a  few  degrees  abore  their  boiUag-poiaM,  vMr 
the  vapor  of  Hulphnr  docs  not  obey  the  law  ontil  heated  to  at  least  500^  abow  ifii  \ta^ 
in^)>oiiit.  Uulesti  the  ex}K>nmetiter  i&  confident  in  ivgard  to  the  proprrtir*  of  tfa*  ws 
tftancx*  under  examiuation  in  this  respect,  it  is  best  to  make  two  drirniiinaUfL*«s  «f  tm 
sjRvitie  jrruvity  at  teinfKTatures  diflferinf;  by  twenty  or  thirty  dejrrrrs.  If  thr  r»«  hn 
not  apxt*  within  the  limit  nf  error  of  the  method  employed,  it  t«  an  ii»dk-«tM«  thai  tat 
temfM-mture  is  not  sufficiently  hi^h.  This  is  illustrated  by  the  expcrimcots  vi  CahMTv 
on  the  ^pl*riHc  gravity  of  the  va(>or  of  monohydrated  acetic  acid.  He  fiMsod  that  ar 
i»j>crifif  gravity  did  not  l>ecome  constant  until  the  tcmpcrmtnrr  ro*e  al«>rv  S4U^  C,  rial 
is  120^  aUive  it>  boiling-point.     The  following  table  contains  his  n^olu  .  — 


Temp. 

Sp.  Or. 

Vib' 

3.180 

130 

3.105 

140 

2.907 

154» 

2727 

160 

2.r><>4 

170 

2480 

180 

2.438 

I'JO 

2J78 

r— F 

»p.  Or 

2000 

2  24« 

220 

2  132 

240 

2i*»> 

270 

2«*M 

310 

li«»5 

320 

20iQ 

334 

SJ0A3 

It  is  evident  that  a  determination  of  the  specific  pniTitT  of  the  rapor  of 
in.iile  ut  a  t*  nifH-rature  U-low  240^^  would  hare  gircn  loo  larj^e  a  rr^nlt.  and  ooe  «b*ft 
would  have  Uvn  llie  more  cironeou*  a<  the  trm(>eratarr  was  lower.  Aa  ttrot  c/  l^ 
sajiif  kind,  made  in  tiie  detcrmifmtinn  of  the  sjiocifir  |»niTity  of  the  rapor  of  •m'fi^ 
intnHlufctl  an  anomaly  into  the  simple  law  of  C4airaleiU  ToUuBM  whsdi  hat  «a!? 
recently  Utrn  explained. 


C  -^A-W*.' 
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capacity  of  the  vessel  used.  The  methodHnay  bo  best  explained 
by  ati  example.  Suppose,  then,  that  we  wish  to  ascertain  the 
Epecific  gravity  of  alcohol  vapor. 

We  take  a  light  glass  globe  having  a  capacity  of  from  300  to  500  cTu.', 
and  draw  the  neck  out  in  the  flame  of  a  bliifit  lamp,  so  aa  to  leave  only  a 
fiae  opening,  as  shown  in  Fig.  4oS  ato.  We  then  weigh  the  globe,  which 
gives  us  the  weight  W  of  [214].  The 
second  step  is  to  ascertain  llie  weight  of 
the  globe  filled  with  alcohol  vapor  at  a 
known  temperature  and  under  a  known 
pressure.  For  this  pur|iorc,  we  introduce 
into  the  globe  a  few  grammes  of  pure 
alcohol,  and  mount  it  on  the  support  rep- 
resented in  the  figure.  By  loosening  the 
screw,  r,  we  nest  sink  the  balloon  beneath 
the  oil  contained  in  the  iron  vessel,  V, 
and  secure  it  in  this  position.  We  now 
^  ^^  slowly  raise  the  temperature  of  the  oil  to 

between  300*  and  400°,  which  we  observe 
by  means  of  the  thermometer,  T.  Thealcoholchangea  tovaporanddrives 
out  the  ur,  which,  with  the  excess  of  vapor,  escapes  at  a.  When  the  bath 
has  attained  the  requisite  temperature,  we  close  the  opening  a  by  sud- 
denly melting  the  end  of  the  tube  at  a  by  means  of  a  mouih  1jlowpij>e,  and 
as  nearly  as  possible  at  the  same  moment  obxerve  the  tem{)eraiure  of  the 
bath  and  the  height  of  the  barometer.  We  have  now  the  globe  filled  with  al- 
cohol vapor  at  a  known  temperature  and  under  a  known  pressure.  Since 
it  is  hermetically  scaled,  its  weight  cannot  change,  and  we  can  therefore 
allow  it  to  cool,  clean  it,  and  weigh  it  at  our  leisure.  This  will  give  us  the 
weight  of  the  globe  filled  with  alcohol  vapor  at  a  temperature  I  and  under 
a  pressure  /f.  This  is  the  weight  IT  of  [214].  We  also  notice  tlie  height 
of  the  barometer  H'  and  the  tcmperaiuro  of  the  balance-case  f  during  this 
second  weighing,  and  when  we  have  measured  the  cn{>acity  of  the  globe 
V,  we  can  easily  calculate  by  [215]  the  value  of  tV",  Knowing  now 
IP—  r-  4-  W",  the  weight  of  alcohol  vapor  which  filled  the  globe  at  (° 
and  under  a  pressure  H  c.  m.,  the  next  step  is  to  find  W'",  the  weight  of  an 
equal  volume  of  air  under  the  some  conditions  of  temperature  and  pressure. 
By  (241)  the  volume  of  the  globe  at  the  temperature  t  was  1-'(1  -|-  Kl), 
and  by  substiiuiing  this  in  [21 G],  we  get  at  once,  since  Ag  ^  0, 


IT"  =  0.0012932  K(l  +A"() 
by  which  we  can  easily  d      mi     I     i 


1 


^ 


[217.] 


1-|-0.003CC(   ' 

rt     it  required.    The  last  step  is 
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to  find  the  capacity  of  the  g^be,  which,  ahhough  we  have  wnnwmJ  it 
known,  is  not  actually  ascertained  experimentallj  until  the  end  of  tht 
process.  For  this  purpocie  we  break  off  the  tip  of  the  tube  m 
cury,  which,  if  the  experiment  has  been  careiiillj  coodortedt 
and  fills  the  globe  completely.  We  then  empty  this  mercury  inio  a 
fuUy  graduated  glass  cylinder,  and  read  off  the  volame.  Wo  iMiTe 
all  the  data  for  calcuhiting  the  specific  gravity,  and  the  caleoktioQ  smit  W 
conducted  precisely  as  on  page  673,  only  substituting  [217]  for  [f  16]. 

Wo  have  assumed  that  the  vapor  expelled  all  the  air  from  the  globe. 
and  hence  that  the  globe  filled  completely  with  mercury  oo  breakk^  the 
tip  end  of  the  neck.  This,  however,  is  rarely  the  case ;  there  is 
always  left  in  the  gk>be  a  bubble  of  air,  and  sometimes  the 
of  air  remaining  is  quite  considerable.  In  such  cases,  however,  we  maj 
still  obtain  approximatively  accurate  results ;  it  is  ooly  oeceatary  to  dicit 
the  air  into  a  graduated  bell  over  a  pneumatic  trough,  and  measure  ex* 
actly  its  volume,  r,  at  an  observed  temperature,  t\  and  under  a  pciMare 
of  N".  Its  weight,  IT,,  can  now  be  cakulated  by  [21 5] «  and  hvm  thm 
weight  we  readily  deduce  the  weight  of  vapor  which  the  globe  eootaiard 
at  the  moment  of  doling  its  orifice  ;  this  weight  of  vapor  was  evidrach 
IT—  W  4-  W"  —  IT,.  The  volume  which  the  small  amoont  of  air  left  ia 
the  globe  occupied  at  the  moment  of  closing  the  orifice  (thai  is»  ai(* 
and  /f  c  m.)  can  also  be  calculated  from  the  formula, 

""       l+(MX»3GGf'    *      J/,    •  I**    J 

wliioli  can  reiulily  Iw  iknliic^Hl  fn»in  [^.*'^]  and  [1^4].  T1k»  vt^lume  i»f  :>*- 
ballcMiti  at  tlii?*  t'lnw  w:ls  a-*  we  luive  w.M»n,  l'{\  -f- A'O-  H«*fHf  thr  \*^ 
uiiR*  of  tlir  va|K)r  nni>t  have  Wen  V {I  -\- K ()  —  r.  Sul»«titutinj:  t*.;* 
value  for  ]' {\  -\-  K t)  in  [-17],  we  gel  for  the  weight  of  ilie  \a|«»r  ir.  :> 
gloU'  at  the  time  of  elo>tn«r. 

"'  =  '••""•-•'•'-  H'O+A-O-r']  j^J^^^^  .    ^(::      [-21,] 

and  for  the  s|><'cifio  jrnivity, 

Sp.  (,r. 7  -       »  .  [^*  ] 

TIm'  P'^nli'.  \vhi<*li  an*  tlin-*  ohtain^nl  are  not,  liowpver,  ptrfertlr  tni*t»»<- 
tliv,  and  it  in  alwav*  W-t  to  avoid  theM*  ci»m*<ti<in^  liv  •«>  cuoiiurciitf  tli* 
t\)Mriin<-nt<i  tliat  only  a  very  •^mall  amount  of  air  at  mo«»t  <»hjill  Iw  ftrfi  la 
tin*  jrlnU*.  Tlii-*  eml  i-*  mvupmI  by  adaptih}?  ilio  nirt*  <>f  tlie  globe  to  tL*- 
(|u:iniiiy  of  liquid  whieh  in  available  for  the  determiiuuioo. 

In  ralculatiiig  the  s|KH*ific  gravity  of  a  va|K>r  from  the  observed  data»  w 
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most  be  careful,  in  the  first  place,  to  reduce  all  the  barometric  heights  to 
0^  bj  Table  XVIII.  In  the  second  place,  the  temperature  of  the  bath,  as 
indicated  by  the  mercury-thermometer,  must  be  corrected  for  the  part  not 
immersed  [156],  and  the  corrected  temperature  reduced  by  the  table  on 
page  439  to  the  true  temperature.  When  great  accuracy  is  required,  it  is 
best  to  measure  the  temperature  of  the  bath  directly  with  an  aiivthermome*- 
ter.  This  is  immersed  in  the  oil  at  the  side  of  the  globe,  and  the  orifices  of 
both  thermometer  and  globe  are  closed  at  the  same  time  (264).  In  com- 
puting the  results,  we  use  the  formula  [189],  and  without  actually  calcu- 

1  A-  Kt 
lating  the  temperature,  substitute  the  value  of      i  Tlft^flfi/  "*  C^^^]* 

We  have  assumed  that  the  bath  in  whi'^h  the  globe  is  heated  is  filled 
with  a  fixed  oil,  which  is  the  most  convenient  liquid  if  the  temperature 
required  does  not  exceed  250^.  When  heated  above  this  temperature, 
the  fat  oils  emit  very  disagreeable  vapors ;  and  for  temperatures  between 
250^  and  500^  it  is  necessary  to  fill  the  bath  with  some  easily  fusible 
alloy,  such  as  Rose's  metal  or  soft  solder.  The  pressure  exerted  by  the 
melted  metal  is  necessarily  very  great,  and  tends  to  deform  the  globe, 
so  that  we  are  obliged  to  abandon  this  method  of  experimenting  as 
soon  as  the  glass  begins  to  soflen,  which  takes  place  a  little  above  500^. 
By  slightly  modifying  the  apparatus,  however,  Regnault  has  been  able  to 
obtain  accurate  results  at  temperatures  as  high  as  600^  or  650^.  Ilis 
method,  which  is  only  used  for  substances  which  boil  at  a  very  high  tem- 
perature, is  as  follows. 

The  volatile  substance  is  introduced  into  the  cylindrical  reservoir  a'  If 
(Fig.  459)  of  the  tube  a!  d^  which  is  made  of  the  most  infusible  glass,  and 
supported  in  an  iron  frame,  m  m'  m",  at  the  side  of  a  similar  tube,  a  h. 
This  last  tube,  which  may  be  closed  by  the  stopcock  r,  serves  as  an  air- 


¥ 
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thermometer.  The  two  tubes  are  heated  together  in  an  air-bath,  made,  as 
represented  in  Fig.  460,  of  two  or  three  concentric  cylinders  of  sheet-iron 
enclosed  in  an  outer  cylindrical  case  of  cast-iron.  The  frame  m  m"  fits 
the  inner  cylindery^  A  t,  and  when  in  place  the  metallic  disk  m"  n"  just 
closes  its  mouth,  y*  I,  leaving  the  ends  of  the  two  tubes  projecting  in  front 
of  the  bath.  This  apparatus  is  heated  in  a  horizontal  position  on  a  semi- 
cylindrical  grate,  and  so  arranged  that  it  can  be  surrounded  with  burning 
coals.  The  temperature  is  first  rapidly  raised  ;  but  afler  the  volatile  sub- 
stance has  distilled  over  and  the  excess  has  been  collected  in  the  cold  por- 
tion of  the  tube  &  d^ih^  temperature  is  increased  very  slowly,  and  before 

57* 
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the  gUim  toAeriM,  the  proceu  in  arrested  hf  closing  the  •lopcDek  of  iW  lir 
(hcrmometer  and  vtthdnivring  the  frame  with  it*  two  lube*  fnmt  the  tvuL 
AVe  now  di'l<?m)ine  the  tcmporalure  to  which  the  tubes  were  liiiul.  >i 


i 
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the  method  nlrrady  described  in  detail  (265).  Wc  next  i 
wei);hl  of  vft|mr  wliii-h  was  contained  in  the  ru>en'oir  n'  &"  at  the  mof  ai 
of  withdrawing  the  lube  from  the  ait->b»lh.  For  this  purpoK  we  rr^mt 
ttic  excess  of  ihc  subi-intire  which  condensed  in  the  part  of  tbe  labe  r  i 
and  ih^-n  wcif;h  the  witole  tubt-,  fin<t  with  the  suboiiuice  it  roalaiiH,  and 
Hi'untlly  aHcr  i)ic  »ub!>tance  has  been  removed.  The  diflerenc«  of  ihtM 
weiglits  h  the  weight  of  the  vajiur  which  filled  the  rvM-rviur  «  i'  r*  m  a 
known  lrni)>craturc  and  pressure.  Lastly,  lo  find  lite  volume  of  ike  re*> 
enuir,  we  determine  the  weifiht  of  water  which  filLi  it  ai  a  known  ii-mppr- 
ature  ;  and  wc  then  liave  all  the  data  for  calculating  ihi:  upeeiSr  fniiit 
of  ihe  vnp<)r.  Tlie  furniuhf  alrendy  given  may  he  easily  midifird  for 
the  pitrjio^e.  If  the  ^ulKtanoe  under  examination  at^orbs  oETp!«  at  a 
hi-;!!  Iem[>i'mliin<.  it  U  \icA  to  till  the  whole  tu)>c  n'rf  with  nilniem.  an] 
Ici  ndiipr  uirli  ii  t-ork  to  llif  n|i<-u  end  ft  Mnftll  liilie  ilmwn  In  a  |o.itiC. 

Tlir  !■-.■  c.f  (lu>  nir-(b.nnotu.l.T(whieh  involve  n  pn-ai  ,-)i|*n.litur»-  ^ 
limi)  ill  ilii>  iii-l''nnin;ili'in  i.f  the  i-iweitie  pnivity  of  mii-ir-  «t  «il«ijii->. 
«liii  li  l->il  ;il  ii  lii;;li  n>ni]MT!itiin-.  i-  Iivi>id<-<1  in  iwHUtuT  lii<»liti>-nli-<i  ..l'  if- 
(.'.■ii.'nil  tii.ih.-l  i.n.|H.M..l  liv  l>.>ville  luid  Tr.«..|.     Tli-y  n^-  .t  cU-  !.l:- 

pulpliur.     Til''   I>'in[>i>niliirf  <>i  i1i.'h>  i!i[j.ir«  i*  m>  (>in->l:nil.  llunt  il  i-  r.-t 

Mti iiry  In  ii-i-  II  i!nrnM>mi-nr.  — ilijil  of  llie  lir>t  at  ii-»>'.  iin-l  tlial--;:  ■■ 

..-.■..ml  :il  1 1'<\  F..r  -ijll  lii;:li.TlriniH-n.ii.r.-' they  u-r  a  l.cill-.i.  .^"  [.-r.-  - 
Liin.  wliii'h  i*  li.':ii.-.l  in  lli.'  v,i|N.r  ..f  Ujilin-  .-.i.iniiuiii  (-t"-'-  >  .-  I.  ■■.-.• 
/ill.'  (1<>I>)');  l>nl  f.ir  th.'  d<-Iiiil<  <•>'  llie  u]<|ar:iln:>  and  ul'  tlx-   hkU'*!.  -r 

.\f-l/..~l  ■■/  f ;.,y- I.usn.n:  —  Thi'  mrlli.Hl  nf  d.I.-rminina  ih.-  .[-v-.!y 
-.:i,iiy  ,.t  \;i|..r'.  jii-i  .l.M-ril--.l  i-  liiil.l.-  t..  one  »,ry  »n..a*  ,«jr~ 
..I    .r...r.      In    -r-l.T   I»   in-iin>   lliiil    nil   ili.-   nir  -ill   1-   .-vj-flW   tr-c 

th.    vl-l".  it   i-  n. "iiry  1..   ii-.-  a  .-..n-i.  mLI-  nm...int   ..f  li.,>ii.|  :  ,.■.• 

il  1-  .\i.|.-i.t  ll.!H  iinv  impurity  «hi.h  ihi.  li.|iii.l  nwy  e.«>iain  •!«  l- 
].  It  1..  I I    ill    III.-   ;:I..U-.  „i„l  t.-,„l  t..  tUUity  tlK-  nri^'bl.      Tl.i.   »«in-r    < 

•  (■..mil.-.  lUn-tu.,  Turn  XI.V    p  831  .  .Imj  Tont  XUX    j.  tat 
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error  is  entirelj'  aroided  bj  &  method  invented  bjr  Gaj-Lussac;  but 
tufortunalely  the  method  ia  applicable  only  to  liquids  which  boil  at  a 
comparativelj  low  tempentture.  It  consists  in  measuring  with  accu- 
racy the  volume  of  vapor  formed  bj  a  known 
weight  of  liquid.  The  liquid  ia  firat  enclosed  in 
a  very  thin  glass  bulb,  A,  Fig.  461,  which  is  her; 
mctically  sealed,  and  the  weight  of  the  liquid  is 
delermined  by  weighing  the  bulb  both  before  and 
after  it  has  been  filled.  This  bulb  is  then  passed 
up  into  a  graduated  bell-glasii,  C,  filled  with  mer- 
cury, and  standing  in  an  iron  basin  also  partly 
filled  with  the  same  liquid.  Around  the  bell  is 
placed  a  glass  cylinder,  whose  lower  end,  resting 
in  the  mercury  contained  in  the  basin,  is  com- 
pletely closed.  This  cylinder  is  filled  with  water, 
and  the  apparatus  thus  arranged  is  mounted  on 
a  charcoal  furnace.  The  glass  bulb  is  soon 
broken  by  the  expansion  of  the  liquid,  and 
when  the  temperature  is  sufiiciently  elevated  the 
liquid  changes  inlo  vapor,  which  depresses  the 
mereury'.eolumn.  The  heat  is  still  increased 
until  the  water  in  the  cylinder  boils,  when  the 
bubbles  of  vapor  rising  through  the  liquid  estab- 
lish a  uniform  temperature  of  100°  throughout 
the  whole  mass.  Wc  then  observe  accurately  the 
volumeof  the  vapor  and  the  pressure  to  which  it  is  "*  "'' 

exposed.  To  obtain  the  last,  we  subtract  from  the  height  of  the  baromcicr, 
ff,,  the  difference  of  level  between  the  surface  of  the  mercury  in  the  basin 
and  that  in  the  bell.  This  difference  of  level  is  measured  by  n  caihelom- 
eter  with  the  aid  of  the  lovelling-screw  r.  Compare  (159).  With  these 
data  we  can  easily  calculate  the  specific  gravity.  We  reduce,  first,  the 
volume  of  the  vapor  to  0°  and  76c  m.  by  [ICR]  and  [107],  and  we  then 
calculate  the  specific  gravity  by  [35]  and  [58].  For  the  different  pre- 
cautiona  required  in  this  process,  and  for  the  slight  variations  required 
under  different  circumstances,  ihe  student  is  referred  to  Regnault's  Ele- 
ments of  Chemistry,  American  edition.  Vol,  II.  p.  408. 

(332.)  Volumei  of  Gases.  —  In  consequeneo  of  the  very  small 
donsitj  of  gases,  their  volumes  can  be  determined  much  more 
accurately  by  measure  than  hy  weight.  The  measurement  of  the 
volume  of  a  gas  is  effected  in  eudiometers,  or  graduated  tubes, 
Fig.  462,  Thich  are  generally  about  2  c.  m.  in  diameter  and  from 
25  c.  m.  to  80  c.  m.  long.    These  tubes  are  frequently  graduated 
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into  cubic  centimetres,  bat  it  is  more  »ceant«  to  diride  tbea 
into  mitlimotres  and  to  detennine  aftenrards  the  correspoDittaf 
Tohunes  by  colibratioQ.  The  graduation  is  easily  made,  vith  the 
dividing  machine  before  described,  on  a  thin  coating  of  vai 


spread  over  the  surface  of  the  tube,  and  tlie  dirisioiu  are  after 
wards  etched  with  hydrofluoric  acid.  The  tube  is  then  calibralnl 
by  pouring  into  it  rc[>Gatedly  the  some  measured  quantity  of 
morcury  tUrotiph  a  long  runnel,  and  after  each  adiliiian  acm- 
rati'ly  noting  the  divi-iion  to  which  it  ri«^  in  the  lulie.  Fnfn 
those  dnla  it  is  onsy  to  calculate  the  volunio  com-sii-Hiiiiiie  w 
carh  gnulnntioii ;  ami  a  lal)lo  is  then  proiwin^l,  fmm  which  llf^ 
viilunii's  can  W  subsciiucntly  ascertaintHi  hy  in^pfytion.  TV 
nn'asurcnii-nts  of  pases  are  tM-t^t  pcrfomu'd  overs  xmall  nii'miri! 
tniUfrh,  liki>  that  n'pri'sented  in  F'ip.  4i!2,  wlnrh  wnj:  omitri\i^l  It 
Dnnsi-n,nn<l  is  admiriihly  ailaplud  to  the  pur[io«e.  The  tn<iii:li  hj> 
twii  ininsi>an-nt  siili's  of  plaie-tiln!'!).  thnmgh  which  the  l.-v.-l  of  ih-- 
nvrcury  is  easily  iil'sorvcti.  The  ciuiionH'tor  is  first  fill"!  *,th 
nuTiiiry  by  means  <)f  a  lung  funnel  reaching  to  Ihc  Imttoni  of  il  r 
tnlH",  am)  after  clo-'ing  its  month,  it  is  inverted  and  plaef<]  in  the 
luisitioii  n-presenled  in  the  figure,  when  tlie  gB«  can  n-adily  (« 
inlrixlnceil  fnim  the  eollceling  tul>cs.  When  pmotieaMe,  a  drop 
of  wat»T  is  liriiiight  into  the  head  of  the  oudiomeier  U-fore  fiUiDH 
it  with  in'Tcurj-,  sn  that  the  collected  gas  may  be  perfivily  »aitt- 
rati-il  witli  aijoeons  va|i<ir. 

Every  detenninatiun  of  tiio  volume  of  gaaes  requires  tke  fol- 
lowing four  i»rimary  obscr^'ations :  — 
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1.  The  leyel  of  the  mercary  in  the  eudiometer. 

2.  The  level  of  the  mercury  in  the  trough  measured  on  the  etched 

diviflions  of  the  eudiometer. 

3.  The  height  of  the  barometer. 

4.  The  temperature. 

The  eudiometer  is  first  brought  to  a  perpendicular  position  by 
means  of  a  plumb-line,  and  the  observations  are  then  made  by  the 
help  of  a  small  telescope  placed  at  a  distance  of  from  six  to  eleven 
feet.  The  axis  of  the  telescope  is  brought  to  a  horizontal  posi- 
tion, and  all  error  from  parallax  thus  avoided.  It  is  unneces- 
sary to  add,  that  the  heights  of  the  mercury  columns  must  always 
be  read  off  at  the  highest  point  of  the  meniscus. 

The  observed  volumes  of  gas  are  reduced  by  calculation  to  the 
volumes  in  a  dry  state  at  0^  and  imder  a  pressure  of  76  c.  m.  by 
means  of  the  equation 

H^  —  Aq  —  ^ 
(1  +  0.00366 1)  76  * 

which  is  easily  obtained  from  [107],  [184],  and  [203].  The 
following  measurements,  by  Bunsen,  of  a  volume  of  air  sat- 
urated with  aqueous  vapor,  may  serve  as  an  example  of  the 
calculation :  — 


r=V' 


Temperature  of  the  air, 

Lower  level  of  mercury, 
Upper      "  " 

Difference  of  level, 
Beduced  height  h^ 


20^2 

e.  m. 

56.59 
31.73 

24.86 
24.78 


Height  of  barometer, 
Correction  for  temperature. 

Reduced  height  H^j 
Tension  of  vapor,  ^ 


o<  in. 

74.69 
0.25 

74.44 

1.76 

47.90 


293.1 


The  division  317.3  corresponds  to  a  volume  by  table  of     292.7 
Correction  for  meniscus, 0.4 

The  corrected  volume  V'j 

P, log.  2.46701 

/^  — Ao— fl,      •        •        .        •    log.  1.68033 
(1  +  0.003660  by  Table  XI., .     ar.  co.  9.96902 


76, 


ar.co.  8.11919 


Reduced  volume  V=.  172.01,  .        log.  2.23555 

For  the  practical  details  of  the  methods  connected  with  the 
manipulation  and  measurement  of  gases,  we  would  refer  the 
student  to  Professor  Bunsen's  work  on  Gasometry.  This  dis- 
tinguished experimentalist  has  very  greatly  improved  all  these 
processes,  and  has  given  tliem  an  accuracy  unsurpassed  by  any  of 
the  most  refined  methods  of  chemical  investigation. 


682  CHEMICAL  PBT8IC8. 


PROBLEMS. 

378.  A  glass  globe,  havbg  been  filled  at  0^  and  76  c  m.  paitlj  wkk 
air  and  partly  with  water,  and  aAerwards  sealed,  is  heaM  to  It")*.  K^ 
quired  the  pressure  exerted  on  the  interior  surface  of  the  Ttanrl,  proTiM 
that  there  is  an  excess  of  water  left  in  the  globe. 

879.  What  would  be  the  pressure,  if  ether  were  used  in  the  had  ex- 
ample instead  of  water  ? 

380.  Into  a  vacuous  vessel,  whose  capacity  equals  2U)i  litrea,  their 
were  introduced  one  litre  of  dry  air  and  sufiicient  wai<!r  to  leav«  lAer 
evaporation  20  c.m.*  in  the  liquid  state.  Required  the  tenMoo  of  iki 
mixture  of  air  and  vapor  in  the  interior  of  the  vessel  at  50\ 

381.  A  given  quantity  of  dry  air  weighs  5.2  grammes  at  O*  apd  76 
c  m.  pressure.  Wluit  would  be  \Xa  volume  at  30^  and  77  c.  m.  piuwri 
when  saturated  with  va{X)r  ? 

382.  Wliat  is  the  weight  of  a  cubic  metre  of  air  at  30*  and  77  e.  m 
pressure  ?     The  relative  humidity  of  the  air  is  aMumcd  to  be  0.7S. 

3^»  Tlie  volumes  of  air  given  in  the  table  below  were  mem^ared  wkea 
saturated  with  sayoT  at  the  temperatures  and  prewures  anmrxcd.  It  ii 
required  to  nnluce  these  volumes  to  what  they  would  have  been  at  O* 
7G  c.  m.  pressurt*,  liad  the  gas  been  perfectly  dry. 


1. 

250  c.  m.' 

//  =  75.6  cm. 

/    =  15°. 

4. 

5<»0  r  ox* 

/7»76  3cm.r-i    %v 

2. 

12<)     " 

//  =-  25.4     •♦ 

t  -■=  2<)0. 

5. 

725     •• 

//  «     5.6    ••       f    -     ^- 

3. 

75     " 

//  =     5.6     •• 

t  -.-^  lOO. 

e. 

540     " 

7/«7S       ••       t 

>    '-K-- 


l\f<i.  Tin*  V(»himoH  of  air  pivrn  in  tlii»  following  tnhlo  wr**  m»-.\*. 
at  e'  ami  7r>  c.  in.  prfs^uro  wli«»n  |MTi«*<'tly  dni'.     It  i-*  n*fjuir»'ti  to  *\* 
mine  \\hi\t  w<»iil«l  Imve  Iwfn  tlio  volum**  at  the  tcmjK'raturv  arnl  pn***ur- 
nnnfxr«l  wt*re  tluj  pa-*  satunited  witli  moi-tnr»\ 

1.  2<w)cm.'     /f  =  75  4c.  m.     re    150.'    4      75  f"^.'     //..-77arm    f  -!  - 

2.  5tM)    *'         Jf  -■■  45  5    ••         t  :^    100.  I    5.     6<»     '*  //  --  m»J      '       t     -        -4 

3.  25     ••         //        15.8     ••         r-     \:\o.  \    6.   140     "  // -^  79  4     "        f  - 

.^H.*!.   In  tin*  followin;:  pmhlt'in-*  an*  pv«*n,  f\r*U  the  temprmtur*'  k^  :} 
atnio-iplu-n*,  f^  ;    sfrondly,  tlir  <l<'W-|Miint,  (  **.      It  i'*  retpiin-*!  t«>  drt«^rmtr» 
in  earli  eaM'  i\w  n-lative  huiuiility  of  the  atmosipherc  and  the  wrigtt  *^ 
vajH>r  in  one  cuImo  metn*. 


1. 

t 

-    3o^ 

t'      IS". 

4. 

t 

3i^ 

/'  «  28*^. 

• 
*• 

(   =..      CK 

f    '  -• 

2. 

1 

?ip 

/' .    no. 

5 

t 

»50 

f  -^  so-^. 

?^. 

r  -    fi« 

r  —  -*• 

3. 

t 

:i^ 

t'  -.    ir^. 

6. 

t     ■ 

|()0 

t'  -     6«. 

9. 

1  -  41^ 

f  —  ^ 

n*^0.  Ill  the  fullowinjr  prohhin*  are  piven,  tlri»t,  tlie  temperature  of  th* 
dnk'-hull)  tli«*rmometer  ;  hecondly,  tluit  of  the  wet-bulb.  Required  in  rmch 
ca^^e  tlie  rvlaiivc  humiditv  of  the  air. 
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1. 

f  «80O 

<'  =-  280. 

4.     <  =»  280 

V  =  260.7. 

7.     <  =      OO  <'  —    -30. 

8. 

t  =  20O 

i'  =  120. 

5.    t  «=  15© 

<'«  \20JS, 

8.    t^    -40  i'  =»    -8°. 

3. 

<«  IQO 

<'=*    20. 

6.    ^=.120 

<'=>    80. 

9.    t  =  -200  1'  =  -200.8 

387.  Assuming  that  the  air  is  four  fifths  saturated  with  aqueous  vapor 
at  the  temperature  of  20^,  how  much  water  would  fall  from  each  cubic 
metre  if  the  temperature  suddenly  fell  to  11**  ? 

888.  When  the  temperature  of  the  air  was  80®,  the  dew-point  was 
observed  to  be  at  28® ;  the  temperature  of  the  air  suddenly  fell  to  20®. 
How  much  rain  would  fall  on  a  square  kilometre  from  a  height  of  200 
metres,  assuming  that  the  atmosphere  were  of  uniform  density  and  hy- 
grometric  condition  throughout  the  whole  height  ? 

Sources  of  Heat. 

889.  How  much  wood  charcoal  must  be  burnt  in  order  to  evaporate  50 
kilogrammes  of  water,  assuming  that  the  water  is  already  at  the  boiling- 
point,  and  that  all  the  heat  evolved  is  economized  in  the  process  ? 

390.  How  much  alcohol  must  be  burnt  in  order  to  melt  5  kilogrammes 
of  sulphur,  assuming  that  the  sulphur  is  already  at  the  melting-point,  and 
that  the  heat  is  all  economized  ? 

891.  How  much  coke  would  be  required  to  raise  the  temperature  of 
the  air  of  a  room  measuring  6  nL  X  7  m.  X  8.5  from  5®  to  25®,  assuming 
that  none  of  the  heat  evolved  was  lost  ? 

892.  How  many  cubic  metres  of  illuminating  gas  (marsh  gas)  must  be 
burnt  to  raise  the  temperature  of  40  kilogrammes  of  water  from  0®  to 
100^  ?     How  much,  in  order  to  convert  the  water  into  steam  ? 

Conduction  of  Heat 
393.  It  is  required  to  make  a  copper  boiler  by  which  100  kilogrammes 
of  water  may  be  evaporated  each  hour.  What  must  be  the  extent  of 
boiler  surface,  assuming  that  the  thickness  of  the  copper  is  2  m.  m.,  and 
that  the  difference  of  temperature  between  the  two  surfaces  of  the  copper 
plate  is  10®? 

894.  If  the  boiler  were  made  of  iron  5  m.  m.  thick,  what  must  be  the 
extent  of  the  boiler  surface  ? 

WEIGHING   AND   KEASURING. 

Specific  Gravity  of  Solids. 

895.  The  specific  gravity  of  zinc  was  found  to  be  7.1582  when  the 
temperature  of  the  water  was  15®.  What  would  have  been  the  specific 
gravity  at  4®  ? 

896.  The  specific  gravity  of  antimony  was  found  to  be  6.681  when  the 
temperature  of  the  water  was  15®.  What  would  have  been  the  specific 
gravity  at  4®  ?  ->> 


<c 

<« 

<c 

<« 

«4 

it 
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897.  The  specific  gravity  of  an  alloj  of  xinc  and  antimony 
ih>m  the  following  data :  — 

Weight  of  the  alloj, 4.4IOi 

fpedfic-grmTity  hottle,  90SiO        " 

"      fall  of  water  at  40,  19^1910 

hottle,  all<7»  and  water  at  14^.6,  SSJ03S 

898.  Find  the  specific  gravity  of  metallic  sine  from   ibe  Ibibviaf 
data :  — 

Weight  of  the  zinc, lf.4145  gWM 

"      hottle, •-0460 

"      full  of  water  at  18«,    .  .  19X11:90 

line  and  water  at  \r>A,  99.7Ma 

Volume  of  SoHdi, 

■ 

899.  Gold-leaf  is  made  as  thin  as  one  ten-thoosandth  of  a  milfiaMCra. 
How  great  a  surface  could  be  covered  with  10  grammes  of  ^ucli  leaf? 

4()0.  A  cylinder  of  iron  weighing  21  kilogrammes  is  2J^  m.  high.  What 
is  its  diameter  ? 

401.  The  base  of  the  grand  pyramid  of  Egypt  measnred  23.48  a.  oo 
each  side;  its  original  height  was  146.18m.  Required  its  weight,  as- 
suming that  it  was  solid,  and  that  the  stone  of  whidi  it  is  coojttnictrd  ha* 
a  Sp.  Gr.  =  2.75. 

402.  Re<|uired  the  price  of  an  iron  pipe,  knowing  that  its  interior  <fi- 
ameter  is  equal  to  0.254m.,  that  its  thickness  equal<>  0.014  m.  mt^  it* 
length  213.4  in.  The  8p<»cific  gravity  of  ca5t-iron  i*  7.2iC  .ntxl  it*  |.rwe 
4  ct*nli*  a  {KHjnd. 

4'>3.  A  hilvtT  wire  1.')  m.  m.  in  diameter  weighs  3  i^^T .'»  piimro«*«.  1: 
Lh  ri^iuiriHl  to  cuvi*r  it  with  a  oimting  of  gold  0.4  m.  m.  in  thick3r«<^ 
What  will  be  the  weight  of  the  gold  ? 

I  \Jumf.  of  Liijuidi, 

404.  What  is  the  volume  of  40  kilogrammes  of  m<»rpurT  at  !<•»'  ?  If 
the  liquid  i«*  (xmtaiiH'<l  in  n  cylindrical  ve^wl  6  c.  m.  in  dtametrr.  b**w  hixii 
would  it  !<tand  aUjvt*  the  Imri/ontal  ba-M*  ? 

40,"».  A  plass  fl.i'^k  wifh  a  narn>w  ne<*k  wa.««  wrijrhed  full  <»l*  nwrrurn  »: 
the  tein|MTatiin*  of  10",  and  found  to  wei^jh  ,'>r»o.234  gramme*.  Tl>r  f^«& 
itself  weijihed  8|.a7l  trnunme-.      H<M|uinNl  the  volume  c»f  the  A&%k. 

4or,.  (  alrulate  tin*  volume  at  O'  of  the  plobe  emplovM  by  R«-)«nauh  1= 
drtrnnininir  ihe  ab'i4)liit«*  wfitjlit  of  one  litre  of  air  and  of' other  pa*r»  froe 
if  U     Z^'***  followin«r  data  (*ee  Kii;.  4"»4)  :  — 

Wri;;ht  of  ihr  ^\tL%fk  plo>>r  At  4°  2  iin«l  75  7^9  cm 1  .t^*  S5  £T*m 

afirrharinir  Un-n  flllrilwithwrnlcrttoo.  .       ll.l>«oa     • 
Trmprmtiirr  of  th«»  rhiitn^»rr  at  rhr  timr  of  wttghioK.         ...  C* 

Height  of  the  barometer  at  the  Mune  time, 7^  IT?  r  ^ 

Ant.  9/»bl.i^  c  a.* 
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Weight  of  Gcues. 

407.  Calculate  the  weight  of  one  litre  of  dry  air  at  0*  and  76  c  m. 
from  the  following  determination  by  Regnault  (329).  The  globe  used 
was  the  same  as  in  the  last  example. 

GUbefvU,  of  Air  and  nammnded  by  Ice, 

Hei^t  of  barometer  at  the  time  of  closing  the  stopcock,       .       .       .    76.1 19  c  m. 
Weight  added  to  globe  to  equipoise  it  in  balance  (Fig.  258),      .        .  1.487  gram. 

Giobe  exhausted  of  Air  and  turrounded  by  Ice, 
Tension  of  air  remaining  in  globe  as  indicated  bj  the  manometer  at 

the  moment  of  closing  the  stopcock, 0.843  c.  m. 

Weight  required  for  equipoise, 14.141  gram. 

Ans.  12.7744  gram. 

408.  Calculate  the  weight  of  one  litre  each  of  hydrogen  and  carbonic 
acid  at  0^  and  76  c  m.  from  the  following  determinations  of  Regnault 
The  data  are  given  in  the  same  order  as  in  the  last  problem. 

Hydrogen,  Carhonie  Acid. 

Globe  fuU  of  gas.    Ho    »  75.616    cm.  Globe  full  of  gas,  /To    »  76.304    cm. 

W*  »  13.301    gram.  W'  =    0.6335  gram. 

Globe  exhausted,     ho     *»   0^40   c  m.  Globe  exhausted,  ho    =    0.157    cm. 

fF"  =  14.1785  gram.  fF"=  20.211    gram. 

Ans.  0.88591  gram.  Ans.  19.5397  gram. 

409.  Reduce  the  weights  obtained  from  the  last  two  problems  to  the 
latitude  of  45''  and  the  sea-leveL     See  page  670. 

410.  Reduce  the  weights  to  what  they  would  be  at  Quito.  Latitude, 
0°  ld'.5.     Elevation  above  sea-level,  2,908  metres. 

411.  In  the  following  table  are  given,  first,  the  volume  of  the  gas; 

secondly,  the  pressure  to  which  it  is  exposed ;  thirdly,  iu  temperature. 

Assuming  that  the  gas  is  saturated  with  vapor  of  water,  it  is  required  to 

calculate  the  weight  in  each  case. 

r.  H.  I. 

Air, 245  iTm?  76.12  cm.  150. 

Hydrogen, 564  *<  64.32  *'  120. 

Carbonic  Acid, 202  "  45.20  "  4©. 

Chlorine, 60  "  75.89  "  30O. 

Protoxide  of  Nitrogen,        .                .465  "  66.23  "  S®. 

Steam, 500  "  76.54  "  213©. 

Alcohol  Vapor,    ....          1,500  "  54.22  "  152o. 

Ether  Vapor, 250  "  75.20  "  lOOo. 

412.  A  glass  globe  weighed,  when  open  to  the  air,  225.169  grammes ; 
filled  with  water  at  the  temperature  of  0^,  it  weighed  785.169  grammes. 
Required  the  weight  of  air  which  the  globe  would  contain  at  300^  and 
under  a  pressure  of  77  c.  m. 

413.  What  is  the  weight  of  one  cubic  metre  of  aqueous  vapor  at  its 
maximum  tension  at  the  following  temperatures  :  10%  15^,  120^,  200^, 
and  250**  ? 
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414.  What  16  the  weight  of  the  vapor  coDtained  in  one  cobic  metre  id 
the  atmosphere  under  the  conditions  given  in  problem  36^  ? 

Specific  Gravihf  of  Ga$ei  and  Vaport, 

415.  Calculate  the  8|M;ciAc  gravity  of  hydn>gvn  and  carbonic  acii  it 
0°  from  the  <lata  given  in  problems  407,  408,  and  409. 

41G.  Ascertain  the  specific  gravity  of  alcohol  vapor  from  the  fulkivi&r 
data:  — 

Weight  of  glAM  f^lobe,  W*, 5i>.0O39  (,-nuaart 

Hdght  of  iMunumctcr,  //', 74.TS4    r  tn. 

Temperature,  t\ IS©. 

Weitrht  uf  globe  and  rapor,  IK,         ....  50.S243  ^rwmmm 

Height  of  barometer,  //, 74.7M    r.  m. 

Temperamre,  i, UT®. 

Volome,  r, 351.5      r"S? 

417.  Ascertain  the  8|)ecific  gravity  of  camphor  viipor  frtim  the  fulk>«* 

ing  data  :  — 

Weightof  glass  globe,  IT', 50.I34S  granuDo. 

Height  of  barometer,  7/ ', 74  Jl       cm. 

Tempenituiv,  t\ 13**3. 

Weight  of  globe  and  Taper,  H'',        .        .        .        .  50.84S9  grmmars. 

Height  of  barometer,  Z7, 74. S       r.  m. 

Temperature,  (, J44«. 


Volume,  \\ f95 


e. 


* 


Volume  of  Gtues. 

41H.  A  volume  of  air  satumti>d  with  moisture  gave  the  foUuwtn;;  mfa— 
urements.     Reduce  to  the  standard  temperature  and  pn*Mun-. 

Level  of  iiKTcury  in  pneumatic  trough,        .        .         •         .  51  .V4  c*  m 

*'  **  eudionu'tcr 24  2J     " 

Volume  c()m'S|)on(ling  tu  24.2o  division,     •        ,        .         .  .1j<»     c  o*' 

T(-ni|H'ni(urv  of  tlic  air, 1^-4 

Hci;:h(  of  liarometer 76  54  r  m 

410.  A  volunif  of  air  Kntunu«^1  with  moisture  at  3M  nnd  .*»7^*»'.«  o.  sa. 
pn*.'<!*ur«\  wn-^  found  to  mrjL*«uiv  lU)H.[i  c.  m*.  Aft«T  al»^»rbin::  th«'  i»\\^a 
with  n  |Mi|K.T  hall  inoi>trn«'d  with  pxntpillnte  of  |M>(]i<>h,  ajnl  dr>tt.;  th^ 
r<"«i<Iual  pH  with  a  Uill  of  (>au^tio  |M>ta'»h,  it  was  ft»und  to  nitiL-ur*-  .il.^ «« 
cm.*.  tli«*  f«*in|K'i^iturf  iM'iiijr  .'i^.l  niid  the  pressure  53.5^  c.  m.  Kf«iu:rt*i 
the  |MTrfiiiagf  (Nim|M)'*ition  of  thr  jrtu*. 

42<K  A  V4iliini«>  «if  gat  (rhokc-4]iutip),  m<-aMureil  inotM  at  \^.''»  anl 
ri2.4<'  pH'-^un*,  wn.**  fmiml  to  Im»  171.2  c.  m '.  At\rr  alK^irlttns  ili»-  car* 
Umic  acid  with  a  hall  of  niii<»li('  |M)ta-h  aii<l  drying  thi*  ga^,  it  na:*  iuund 
to  mi'a^un*  1<*>7..'1  ,-.  m',  th<*  trtn|M*rHture  lM*iiig  1«).^^  and  the  prv^aar 
f>l.lH;  0.  ni.  Finally,  after  ah'>4»rhing  the  oxygt*n  with  pvrtkgalUili*  iif  |ui- 
a^h,  nn<l  drviiig.  the  giL^  wii^  found  to  m(*a?>un\  at  13'. 'J  and  9*ti»^V«  c.  c 
pre»i«uns  1 17  c.  m.'.     Ucquin^d  the  |>ercentage  com|io»ition  of  the 
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•crib^l. 


TABLES. 


TABLE    I. 


MEASURES    AND    WEIGHTS. 


ENGLISH   MEASURES. 

Measures  of  Length, 

The  inch  is  the  smallest  lineal  integer  now  used.  For  mechanical 
purposes  it  is  divided  either  duodecimallj  or  by  continual  bisection  ;  but 
for  scientific  purposes  it  is  most  convenient  to  divide  it  decimally.  The 
larger  units  are  thus  related  to  it :  — 


MU^.  Farloogi.  Chains.    Rods.      Fathoms. 

Tards. 

Feet               Links.           Inches. 

1  «  8  —  80  —  820  —  880      — 

1760     — 

5280      —8000  — 633C0 

1  »  10—    40  — 110      — 

220    — 

660      —1000  —  7920 

1»      4—11      — 

22    — 

66     —  100  —     792 

1  —      2.75— 

5.5— 

16.5  —     25  —     198 

1      — 

2    — 

6     —       9A—       72 

1    — 

3      —       4,\—       36 
1      -       IJJ-       12 

O0125— .001— .01— .04—     .11  — 

.22— 

0.66—       1  —        7.92 

Measures  of  Surface, 


Acre 

Boods. 

Bqoaro  Chains.      Square  Tards.        Square  Feet 

1 

—       4 

—       10       —     4840     —     43,560 

1 

—         2.5     —     1210     —     10,865 
1        —       484     —       4,356 

1     -              9 

Measures  of  Volume, 


Cable  Yard. 

Cable  Feet 

Cable  Inches. 

1            — 

27            — 

46,656 

1            — 

1J28 
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Imperial  Mfosun, 

The  Imperial  Standanl  Gallon  contaiiui  ten  poundii  aroinlupni^  vrtji: 
of  dbtilled  water,  weighed  in  air  at  G2^  Fahr.  and  30  in.  Banim^  nr  I:! 
pounds,  1  ounce,  IG  i>ennyweightji,  and  IG  gnuns  Troy,  —  7(MiiMt  fraiw' 
weight  of  distilled  water.  A  cubic  inch  of  dii^tilled  watrr  wric^ 
252.4^)8  grain.4,  ainl  the  imperial  gallon  contains  277^74  cubic  iocbr^ 


DUtilkd  Water. 

Onlsifl.            Aroir  lb.        CaUe  tnebM.            Pint. 

Qaut.       (UOb      rwte.    B«*.     <r 

8,750—      1.2:1—        84.G-VJ  —       1 

17,500  —      2.5  —        GU.318  —      2  — 

1 

70,000  —    10      —      277.274  —      8  — 

4—     1 

140,000—    20      —      554.548—    IG — 

8—2—1 

5GO,000  =-    80      —  2,218.192  —    G4  — 

32  —    8  —    4  —  1 

4,480,000  —  G40      —  17,745J>3G  —  512  — 

25G  —  G4  —  32  —  ^  -  I 

ApothecaritM*  Measure. 

The  gallon  of  the  former  wine  measure  and  of  the  pmvsic  AptukM-a- 
ries'  meai*ure  contains  58.333.31  grains'  weight  of  dtnliUed  watrr,  ur  :?'•! 
cubic  incheis  the  ratio  to  the  imperial  gallon  being  nemrir  a*  5  to  ^  ur  *• 
0.8331  to  1. 

Plots.  Ooiirc*.  Draehmi.  Wiil«t  Qr.erMrt.W«t.    <*«»  Iw^ 

1     —    8    —     128    —    1024    —     G  1,440    —    58.:Kt:;j;i    —  SM 

1    —     IG   —     128    —     7,r>8ii    —     7/2\*\yr.  «    r*. 

5  1    —  8    —         Am    —         4.V..:i*  —       I  • 

3  1     «  GO    —  jC.'Jh  —        .: 


KNClLISn    WEIGHTS. 

A  vo inlujuns   Weiyh t, 

Pooad  OttOTM.  I»r»rhiii>.  «ii 

1  —  10  —  2r»G  —  7tMN) 

1  M.  IG         —  4.'»7,5 

1  -.  27.34373 

Aptftherariet    Troy   Wrtijht. 


Poool 

l>un«'r« 

Ilrmrlmi*. 

hrrufkt. 

OrfelML 

1 

— 

VI 

B     'n 

ih; 

— 

1>>.S 

— 

.'#:•>» 

1 

*^ 

s 

— 

24 

— 

4.n.» 

1 

— 

1 

— 

0*» 

2i) 
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1  Kilometre 
1  Hectometre 
1  Decametre 
1  Metre 

1  Kilometre 

1  Metre 

1  Centimetre 


FRENCH   MEASURES. 
Measures  of  Length. 


1000  Metres. 

100       « 

10       " 

1       « 


0.6214  Mile. 
8.2809  Feet. 
0.3937  Inch. 


1  Metre  ■ 

1  Decimetre  - 

1   Centimetre  = 

1  Millimetre  » 

LogarithiuM. 

9.793  3712 
0.515  9930 
9.595  1742 


1.000  Metre. 

0.100  " 

0.010  « 

0.001  »< 

Ar.  Co.  Log 

0.20G  6188 
9.484  0070 
0.404  8258 


MecLsures  of  Volume. 


1  Cubic  Metre 
1  Cubic  Decimetre 
1  Cubic  Centimetre 


1000.000  Litres. 
1.000 
0.001 


u 


u 


1  Cubic  Metre 
1  Cubic  Decimetre 
1  Cubic  Centimetre 
1  Litre 
1  Litre 
1  Litre 


Logiuithms. 

35.81660  Cubic  Feet  1.547  9790 

61.02709  Cubic  Inches.  1.785  5226 

0.06103      "  "  8.785  5226 

0.22017  Gallon.  9.342  7581 

0.88066  Quart.  9.944  8083 

1.76133  Pints.  0.245  8407 


Ar.  Co.  Log. 

8.452  0210 
8  214  4774 
1.214  4774 
0.657  2419 
0.055  1917 
9.754  1593 


FRENCH  WEIGHTS. 


1  Kilo;2Tamme 
1  Hectogramme 
1  Decagramme 
1  Gramme 


1000  Grammes. 
100 
10 
1 


(( 


u 


u 


1  Gramme         ««—  1.000  Gramme. 
1  Decigramme  —  0.100        " 
1  Centigramme  «=  0.010 
1  ^liUigramme  »  0.001 


a 


u 


Logarithms.        Ar.  Ck>.  Log. 

1  Kilogramme  =  2.20462  Pounds  Avoirdupois.     0.3433337  9.6566663 
1  «  =  2.67922      "       Troy.  0.4280083  9.5719917 

1  Gramme      =15.43285  Grains.  1.1884321   8.8115679 

TABLE  FOR  THE  REDUCTION  OF  THE  BAROMETRIC   SCALE. 

75  cm.  =  29.528  inch. 

76  "    =29.922    ^ 

77  "    =30.315    " 

78  "    =30.709    " 


28  incb.=  71.1187  cm. 

71  cm.  =  27.953  inch. 

29  "  =73.6587  " 

72  "  =28.347  " 

80  '*  =76.1986  " 

73  <*  -28.741  <* 

81  "  =78.7386  " 

74  «  =29.134  « 

1  inch  =  2.539954  c  m. 


1  c  m.  =  0.8937  inch. 
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TABLES. 


LOGARITHMS 


FOR  REDUCING   THE    MOST    COMMON    WKIGUTS    AND   MEAStRIS. 


3feasurr$  of  Lrnfffh, 


Metro 


0. 

0.511  6687-1 
O.I!»9  8277-1 
O.JiHJ  7270-1 
0.4*<4  0071-1 


l*ariiiMi  Foot. 

0.4*8  3313 

0. 

0.988  1590-1 

0.985  0^S3-1 
0.972  3384-1 


I 


Aurtriui  Fuoc 


tfmmkui  Foot. 


■    0.  >00  172S 
I   0.011  8410 

I  0. 

0.996  8993-1 
<   0.981  1794-1 


0.50S  2730 
0.014  9417 
0.003  1007 

0. 

0.9^7  2<*0l-l 


K»Cteh  r«« 


0.515 
0.027  MU 
0.015  •»?«« 
0.012  7199 

0. 


MeasxireM  of  Surface, 


>'<<uarr  Mi*trp.        ParUian  f><|.  F(M>t      .\u«trUn  9*i  Fool. 


9q.  Fool     Ki^Ikft  S|  r« 


0. 

o.n:3  .117  :-i 

(>.«)M9  U.mV-J 
0.t»'»3  4510-2 
0.!»f>«<  0143-2 


0.976  662  > 

0. 

0.976  3180-1 
0.970  llWi-1 
O.fM  4  676*^-1 


1.00)  3145 
0.023  6-20 

0. 

0.9«>3  79**6-l 
0.!M;»<  3.5*8-1 


1.006  5459 
0.(r.>9  8.^34 
0.006  2014 

0. 

0.974  5602-1 


1.^31  907 
0.055  32S2 
0.031  6IIS 
0.025  I3»* 


1 


^frnsurrn  of  J'n*nfiif. 


ru»'l«*  Mftrv.         I'ari'l"*!!  <'ut.    K-wi.  AiMtnan  <'utt   F.«f.   rru»*teii  I'u*'   |Hi<     Fr  f  ;•^  •  **    I-*' 


0. 

o.-:r»  (Hw;j-2 
o.  p»M  i-:rj-2 
(».  r»n  1-10-2 
(MV2  021  1-2 


0. 

<».!»•; I  i:to-i 
o.M-,:,  I71U   I 

0.*M7Oi:)i    I 


o.o.r.  :230 

0. 
o.«»«m  i)?»7'>-i 

0.**-i2  :»:>2-l 


O.'MI  "2    1 

0. 

0.«*#J1  -|03-i 


1  *.  *:  *-:-- 

O  »•:?    .n:* 


U'fitfhfS. 


0. 

o.Ti*  I«»7:i-I 
n.ii»,»«  •♦::♦.  I 

o  '.71  •«7»2    I 


\u<(riui  r<>uiil         rrii»»ii«  T'-u'i'l        E:v   Tr-t  |*<iti»l 


0..»M  ^OJ7 

0. 

o  •»_»!  7*on-i 
n.-ja  7*i*-l 

o.'MK  r»7 1   I 


o.i  •«»  o.'2l 
0.07H  2I'*7 

0. 

O. *»•»_>  OOIH-I 
O  'i-ti  ♦.77 J  -I 


0.  i2^  <»2«V* 
O.I7rt  21*2 
0.<>**7  «♦»*'•  4 

0. 

O.twi  ii7f; 


O   111      :V3 
6. 


TABLE    II. 

SPECIFIC  GRAVITY  AND  ABSOLUTE  WEIGHT  OF  ONE  LITKE  OF 

SOME  OF  THE  MOST  JMI'OltTAST  GASES  AND  VAPOBS. 

Calculated  tok  thb  Latitudb  or  WjtSliinaToM. 


«„.,0-. 

i 

ObMT^ 

ciS. 

l^S  — 

LoK^ri^o... 

Air, 

1 

I.0OOO0 

1.29206    0.111282 

9.808719 

Alcohol, 

I.6IJ 

1.SS93S 

2.05357    0.312B10 

e.68Tl90 

Ammonu  gat,  , 

o.imt 

0.S873S 

0.75S98    9.880201 

0.119799 

16.90823 

21.84840    l.33»3S0 

8.660620 

4.:{M72 

6.595»1 

0.747812 

9.252138 

ArBcnic, 

10.65 

lO.aeaas 

ia.382SS 

1.126878 

B.873I37 

Ammuli  oT  hjdnigen,      . 

S.<tU3 

2.«ttM)4    3.4821S 

0.S4IS17 

9.158153 

Boron,   .... 

1.50846 

1.91613 

0.289238 

9.T  10762 

Bromine 

a.&i 

6.82827 

7.I42S5 

0.8B3872 

9.146128 

Bitimohrdrie  acid. 

2.79870 

3.61807    0.538237 

9.441763 

Cm1«[| 

O.B)6B" 

0.82924 

1.0TII3    0.029963 

9.970037 

CitriKnrio  acid,       .       ■ 

1.5290S 

l.S2iai 

1.98433,0.293216 

9.706785 

CHrtionieoxiat),        .       . 

0.U6TT9 

0.96I4A 

1.23000 

0.O989IO 

9.90309(1 

OJorine,       .       .       . 

a.i7 

2.46817 

3.16961 

0.501010 

6.498990 

riiloride  of  boron,    . 

3.9ia 

4.09836 

6.24107 

0.719120 

9.2e03>-0 

Clilori'lo  of  siiicon, 

6.939 

6.87S>'0 

7.5S92a 

0.880201 

9.119799 

Chlorohtdric  ncid.     . 

1.3174 

1.38114 

^.62917 

0.312018 

9.7879J5 

Cyanogen,     .        .        . 

I  8064 

1.70669 

2.32113'  0.365758 

9.631345 

CjinohfJric  acid,     . 

0.9178 

0.93290 

1.20.>M    0.0S1I16 

9.918884 

Elder,    .        .        .        , 

2.^0 

l.sae^s 

S.aOS6r>!  0.SI8991 

9. 181006 

FJaorine 

1.31297 

1.69613    0.229536 

B.770184 

Fluoride  of  boron, 

B.3I34 

2.3  1608 

3.03127,  0.181623 

9.518373 

Flnuriilc  of  ■ilii'on,   . 

S.flOO 

3  89338 

4.6l2«7l  0.6667P6 

9.3S3J1 1 

Flnohjdric  Mi.1,    .        . 

0.6BI04 

0.892961  9.9M7I:>2 

0.010218 

Hjilrogin, 

0.069M 

0.08910 

0.08929 1  6.9507B2 

1.049216 

lo-linc 

8.718 

8.77611 

11.33930;  1.054586 

B.9IBIII 

Io.t..hr<tric  add,        .        . 

4.1-13 

4.4SK63 

5.71429    0.716963 

9.2t303« 

Mnrahpw,     .        .        . 

O.S378 

0.552S3 

0.7112B    e.853-<7! 

0.116128 

.M.n7urr.   .        .        .        . 

e.97a 

6.91038 

8.9i86B    0.95O7S2 

9.01H2I8 

Nilrogun, 

0.97137 

0.96748 

1.2S000    0  096HIO 

9.908090 

>'i(n>u9  oxido,  . 

l.!i2G9 

1.82028 

1.96129 

0.2n320.1 

9.70B79S 

Nitric  oxide.          .        . 

1.03^ 

l.n36&5 

1.339J8 

0.126S73 

9.873127 

OlfflanlB",      .        -        ■ 

0.9HBB 

0.967  4 1^ 

1.26000 

0.09B910 

9.903090 

0!(ji.Tn, 

1. 10^68 

I.I036S 

1.42857 

0.16 (903 

9.«4r.098 

Phoisphonu, 

4.42 

4.2«l4a 

5.BHB7I 

0.713171 

9.236826 

lliwiphide  of  hjdruera. 

I.I78 

1.17476 

I.8I7B8    0.181231 

9.8I,'TH9 

KcluDinm, 

S.S2827 

7.14285;  0.838872 

e.t  16128 

Silinin 

2.90238 

8.75000    0.ST40SI 

9. 42:^9611 

Suliihnr,    .        .        ,        . 

i.2 

2.211  Si 

2.8.I714    0.IS6932 

9.511068 

Eiilp!udu  of  hydrogen,  , 

l.l<)t2 

1.17476 

I.5I7B6    0.181231 

9.81S769 

2.247 

2.21181 

2.65711,  0.1,1S932 

9.B140U8 

WnH-r,  .... 

A 

0.82:>5 

OMzna 

0.80S87    9.90502S 

0.091975 

•  Compnud  ftom  Um  ttMctBo  shtUj  nrnrtooh  mU,  tXmntd  bj  fUfiiHilt. 
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TABLE    III. 


SPECIFIC  GRAVITIES  OF  GASES  AT  O"  C. ;   BABOMETER.  Tt «. 


Nmms. 

i      9p«Hfl« 
Gimvitj  hj 
ObMrTACfcm. 

1 

PpMPHw 
Oimvlty  hj 
CakukttoB. 

< 

Air, 

1.000 

t 

'^«^ 

•  ^ 

Oxyp'ii,      .... 

• 

1.106 

•       • 

I  hiniAs  aik>l  Hoaw 

llydmjrcii,      .... 

O.Ot'91 

■       • 

.f                            *•                            H 

Maivli  goii, .... 

• 

0.555 

0.5.^ 

ThuniMm. 

Mcihyle,         .... 

■       ■ 

0.190 

■  ( )h'fiAm  piff, 

• 

0.978 

0.9;m) 

j    Th.  «fe  SWMWT. 

BicAihiilu  of   hydro^Q    of   F 

am- 

1 

day,         .... 

• 

1.920 

14N>0 

,  FaraiU*. 

1  ]1io<phido  of  liydro;^.'n. 

1.214 

1.193 

:  Ihimaa. 

Ar«.<ni«Ii*  of  liydrojrfii, 

• 

2.695 

2.695 

•« 

Chltiriiu' 

. 

2.470 

•       • 

GaT.LaaMT  L  TW 

0\i«l«'  of  flilorino,  or  hy|KM»lil 

oric 

• 

ariil 

•        • 

2.S40 

t 

'   ]Iv|KK-lilon>U!t  aritl  of  Balanl, 

• 

•       • 

2.^0 

1  >iin>m*n,         .... 

• 

0.972      i 

•      • 

rhinia«aB«l  Ik*tt«*« 

1   IVon»\idi' of  niirojron, 

. 

1.520      • 

1.525 

iK'Utoxidc  of  uitm^'in,   . 

1.03S8 

1.036 

1  llt-ranl. 

■   Cyanoji-n, 

• 

l>a6 

1.S18 

(■a%-I.a«<k»r. 

• 

(  lilnii.lo  i»f  ryni»o;:t'n,     . 

•       • 

2.116 

■  • 

AlllinOlii;!,    .... 

• 

0.VH5 

0.591 

■  Iliot  .nri.l  Ara^' 

<  Ki'lf  ot'  larlMtfi,    . 

(Ur,7 

•       • 

(  ruik-lt.Ar.  ft. 

( *.irJH»nif  ji'  i<l. 

• 

.       I..V-M> 

•       • 

I  >amA»  xiii  W  3*<  - 

( 'Moni-4-jirl'«i!;:r  luiil. 

1                 *       ■ 

::..•;*♦:) 

^  «  • 

>'ilj>liurtiii'.  ui  i  1,      . 

2.231 

•      • 

T*!*  Tijnl 

.\«  »•!,  1  lilo!iiliy«lri«-. 

. 

1.1*47 

1.2»i4> 

Uj..:  at:  :  .Vrs.- 

'•rt»iii«i}i\ «li ii*.  . 

1 

*       • 

2.7.11 

iiH|i.!.\i|i i.  , 

■ 

'     4. 4  ;.n 

1 

4.3V) 

i».i\   I  !;•*.•  • 

-liljilji'IiNilri  •, 

i.r.u 

•       • 

It.ti   I.t,»»i-    K    T 

-•  1«  'jiiMx  'If  i«'. 

• 

•     • 

2.7««5 

Hit.*  an 

-  t<  ;!ur«»»i\.|ri«-, 

•     ■ 

4.4»M> 

« 

■    —  f'li'i'-itr  ii  ii", 

• 

2.::i 

• 

J.  :.r.  lUt^ 

—      -  fiiji»-ri'  1''. 

H.  "•7-1 

•       • 

• 

1  ',"i.iii'-.».ii  i--. 

:j.i2> 

•       • 

I>n»!i.v« 

\\s>'  •»'.%  !'.»:.   I't'  lu'  :h\ ' 

l.(il7 

|.»»"1 

l>um.i*  *r.  :  V     .'* 

i  "■   ..'ii'  \  .If  .itt"  «if  111*  t'  \ '.'  . 

. 

l.7:n 

1  •  •• 

a  »                         1  « 

K!«im!  \  Ir.ii*'  «.f  lilt  tlixlo, 

l.l««6 

1.170 

«                            •• 

TABLE    IT. 


Bt-Mc 

SpHiflg 

HUBH. 

Onrlly  b7 

Gmil/  by 

Ctlcutodoii. 

Air, 

I.ODO 

BromiD.,     .        .        .        .        . 

S.B40 

S.390 

MiBcherlich. 

Iodine, 

6.716 

6.700 

Dumiu. 

SKlph", 

6.617 

6.660 

Photphorai, 

4.420 

4.820 

ArMDic 

10.000 

10.860 

McrcDry, 

«.97» 

6.970 

Dnmu. 

AdJ,  nrienious, .... 

I3.X50 

13.300 

Miuchcrlich. 

Mlph«ric«hrdron5.      .        . 

8.000 

2.760 

„ 

"leniou. 

4.030 

,. 

hyponilrou,  .... 

1.720 

„ 

niiric  letrahjdralPd,    . 

1.270 

Bioeau. 

Yellow  cmori.l«  of  inlphnr,    . 

4.700 

4.6i0 

lU^I  d,lori<lo  of  Mlphnr,     .        . 

8.700 

„ 

4.870 

4.790 

,. 

Clikiriilioraraenic,    . 

6.300 

6.260 

„ 

lodido  of  nnMiic, 

16.100 

1S.640 

Bliucherlich. 

B.8M 

8.200 

„ 

BkUoride  of  mercury,   . 

8.800 

8.420 

,. 

10.1J0 

9.670 

» 

12.160 

12.870 

M 

15.600 

15.660 

U 

Sulphide  of  mercary  (cinnabar),    . 

6.600 

6.J00 

„ 

7.600 

„ 

11.100 

10.880 

Perosichloride  of  chromium,      . 

\IZ\ 

S.500 

Bincau  and  W«llet. 

ffichloride  of  tin,    .... 

e.i»9 

8.980 

Dumaa. 

S„li,ld.t.-n.l,...,feyMOgen,          . 

6.390 

Bineau. 

Bwnide  of  cyuiogm,    .        .        . 

8.610 

Chlorida  of  .iiicon,     .         .        . 

B.939 

6.989 

Dnmai. 

Camphor, 

5.463 

6.314 

Oil  ,.f  turii-tiTiiii.', 

4.763 

4.765 

« 

Benzine 

2.TT0 

2.780 

MiWcherlich. 

Kaphthsline,       .... 

4.626 

4.492 

Dnmaa. 

Chloride  of  eUyle,          .        .        . 

3.443 

a.460 

Gay-LiiMte. 

Sulphide  of  earhon.    .       .       . 

2.644 

Alcohol 

1.6183 

1.601 

» 

Ether, 

2.086 

2.S88 

« 

M«<ie. 

3.0ST 

3.066 

DnmM  &  Boallay. 

*x«li^        .... 

6.087 

8.091 

•.            .1 

beiwolc 

5.40S 

6.210 

" 
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Methvlic  alcohol,    . 
Salplma*  of  lucthvlc,  . 
AretAte  of  mcihvle, 
Tn»ti\  oil,     . 
Acetone, 
Mercaptan, 
Aldehyde, 

Oil  of  hitter  almomU, 
Ilvdniret  of  wilirvle, 
Oil  of  cinnamon, 
Oil  of  cumin, 
Acid,  acetic, 

U*nzoic,  . 

valerianic,  . 

cvanohTdric,  . 

Kak(Mlvle,    . 
Oxide  of  kttkodvle, 
Cvanurvi  of  kako<lvIe, 
Chhirido  of  kakodylu, 
Woter, 


1.120 
4.565 
2.56S 
8.147 
2.019 
2.326 
1.532 

•  • 

4.270 

•  • 

5.200 
2.770 
4.270 
8.680 
0.917 
7.100 
7.550 
4.630 
4.560 
0.62:15 


Caieulati— . 


1.110 
4.370 
2.570 
8.070 
2.020 
2.160 
1.530 
8.706 
4.260 
4.620 
5.100 
2.780 
4.260 
8.550 
0.986 
7.280 
7.830 
4.540 
4.S00 
0.621 


I>llllia*  BMtfd  VtUfOL 


I>atRa«. 

I.irhit* 

WtJikr  ami  L«-'s; 

I*iha. 

DnmM  and  |V'<fM 

Ihimm*.  [ 


Banica. 

.4 


Gar-Lm 


TABLE    V. 

SPECIFIC  GRAVITY  OF  MQUIDS  AT  «»  C. 


Name. 
W.»t»  r.  «li*lillr«l. 

HrntiUlh', 

M'  n  tiry  at  o-  C  ,    . 
A«  »'l.  ■»ulj>lniu«-.  iiu)'»l  am- 
<fiitr:it<  d, 

livxiHiiIi'liurir, 

nitrii   tufuitij. 

— —  nitrir  trtr»ih\<Init«'*l, 
fiiiri*-  <»f  romnifpv. 

\\\  }->iii?n«\ 

lr.it'  •!  Ii<jU)'l. 
aotif  ni«»n«»}i\tlr.iti  d, 

I14«  li.-  -'p  .Ur*l  i|«IJ«ii!v, 


o:t  u\ 


—        r\  auohvilri"'. 
Su!;«*ud'   f 't"  i  .xT^xtU. 
|*ri»'.M  M..ri.li'  i.f  -ulphur, 
Al»  iAnA,  »N*i.Iiiii«.    . 

;:n.;»ti*i     d«*n«iiiT 

(h\i!  of  UudU'r*:), 


Pp  GrtTity 

Num. 

?j  »;f»«r 

1.0(H) 

Kihcr,    .... 

("  :n 

2.*>t>6 

rhtondiydri'-. 

O.-Tl 

la.aiHi 

IV  Mv* 

Mtthvlir  al«  i»!.«»l. 

.^  T^r* 

l.'^ll 

Ku**-!  »iil, 

0  *!• 

I..U7 

A'-'tttne. 

0?*: 

1.4M 

M«  n  a|i!nn, 

«^  •.  ' 

1  420 

0»1  of  iur]"niirH\ 

0  ^  » 

1.220 

of  ri!n»n, 

r  -4: 

l.4:)l 

AM.hvd.'. 

0  7«» 

Oil  of  Mttcr  almond^ 

I.A41 

|.2(N        1 

of  ••pinfa. 

I  in 

I.Oi.S 

of  runiin, 

O.M» 

1.079 

1  010 

0.  •»«!*< 

S:»  iratiT, 

1  «« 

(».»J'»«i 

Milk. 

i.n»? 

l.2f»:i 

Wino  <»f  Bonh'nax. 

0.«»l 

0.7H2 

■  •  iif  lliiniitiit % 

«>  ^1 

Olm'-«»il,    . 

Oaj* 

Naphtha, 

OJUT 

0.927 

« 
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TABLE    VI. 

SPECIFIC  GRAVITY  OF  SOLIDS  AT  4^  C. 

1.  Simple  Bodies, 


Namet. 


Iodine,    . 
Sulphur, 
Selenium, 
Phosphoras, 
Arsenic,  . 


-.    ,        ( Diamonds,   . 
Carbon,  < 

(  Graphite, 
Potassium,  . 
Sodium,  . 
Manganese, 
Iron, 

ca«t,     . 

Steel,  not  hammered, 
Zinc,    .... 
Cadmium,  hammered, 
Tin,     .        .        .        . 
Cobalt,  cast,     . 
Nickel,  cast, 
forged, 


Molybdenum,       .... 

Tungsten, 

Chromium, 

Antimony, 

Titanium, 

Tellurium, 

Uranium, 

Bismuth, 

Lead,  cast, 

Copper,  cast 

rolled  or  forged. 

Mercury  at  O*', 

Osmium, 

Iridium  (cast  by  electric  battery),    . 

Palladium, 

rolled,     .... 

Rhodium 

Silver,  cast, 

Gold,  forged,        .... 

cast, 

Platinum, 

rolled,      .... 

69 


Specific  GntTity. 

Obflerms. 

4.918 

Gray-Lassac 

2.086 

Leroyer  &  Dumas. 

4.300 

1  770 

5.670 

Herapath. 

8.530 

Leroyer  &  Dumas. 

8.500 

2.500 

0.865 

Gay-Lns.  and  Then. 

0.972 

<l                                K 

8.010 

7.788 

7.200 

7.810 

7.190 

8.690 

7.291 

7.812 

8.279 

8.666 

8.600 

17.600 

Frtrcs  d'Echuyart 

6.900 

6.720 

5.800 

6.240 

9.000 

Bncholz. 

9.822 

Frcrcs  d'Elchuyart 

11.850 

8.850 

8.950 

13.598 

10.0001 

1-J.680 

Children. 

11.300 

11.800 

11.000? 

10.470 

19.360 

19.260 

21.5.30 
22.060 

Bi'iwry  CbtRpMM^ 


1  ijiuru  njaim., 
Acid,  (iliric,  I  ApiiF, . 

-  hfdrued  bormi-ic  ItaatoliDe}, 

Chkfriilr  of  cnlrium,     . 
'  Fluoriiltr  of  raldum  (fluorspar}, 
Chluriile  of  harium,     . 
Chloriild  uf  poUiaiam,    . 
Lxltdu  ul  ptrtaHJnm,    . 
Chlorido  of  HMliDiD, 
Chloride  of  ■muKiniuii]  (ul  am 

SCoraiulnni,  ugiphin 
cnlal  ratiT, 

AfhI,  Bntniuai, 

l^otoKiJc-  of  antlmoBir, 
I  SuI|ihiJv  uf  anliniunf , 
j  UiiiilvbfMlKr,    . 
,  thil|>liMvof*iUiT,    . 

■'  n.lori.lf  of  -ilvrr.        . 


S.il|.'...l.  ..: 


IMit 

R* 

1.811 

M. 

l.tM 

M. 

i.teC 

U 

J.150 

DoalU.. 

S.UO 

I.WO 

M 

■JOO 

B»allaT 

IJ9S 

WruH 

1.000 

B.«IU.. 

LIOO 

K.r.aB. 

tJtO 

It 

4.U0 

«■ 

a.MO 

I.TOD 

L™»«4 

S.TT9 

Do.ll.;. 

4.ni 

M. 

T.«W 

Bo«ikr. 

k™» 

BpHllla  OnHQ' 

ObHtwa. 

S.I25 
G.400 

Bonllaj. 

Magnetic  oxide  of  iron.       . 

Bitulphida    of   imn 

Salphidci  of  iron. 

Do.  (-hilopjritM).. 

B,000 
4.840 

M. 

M..gU«icpVTi«ih. 

PtToxidcofinflngiuicic 

4.480 

BouUbj. 

S..-«iuiosiclc  i>rrofltlgBncMi,. 

4.810 

4.722 

B.9S0 

H. 

PeroxyBoflilaniuni(rulilo).         .        . 

4.2»0 

3.  Simple  SaUt. 


n    I  r  T  -        ( Iceland  Spw, 

CarbonUe  ol  Lime,  <  .  .      ' 

(  Arragonite, 

CarbonBie  of  magnetia  (giobcrlitc), 

Cnrbonnle  of  manganOK, 

CarbonBtc  of  burylef , 
Carbonate  of  stronliA, 
Carbonate  of  lead  (whitd  lead\ 
Sulpbato  of  bnryla  (heavT  >par), 
Bulpbsic  of  urontia  (ccloatine). 
Sulphate  of  lead, 
Sulphate  of  Bilvcr,  . 
„  ,  .  ,,.        J  Anhjdrile,   . 

Sutphal 
Anhydn 


of  potnnh. 


tcofimd  (native), 
Nilnito  of  potash, 
Nitrate  of  bar7Ui,  . 
Nitrate  of  ilronlia. 
Nitrate  of  lead, 
MolylidaleofleHd, 
Tantntatcof  lead,  . 
TungaiBtc  of  lime, 
Aluminalc  of  magneaia  (ipincl), 
Aluminale  of  line  (line  «pincl), 
Silicate  of  lirronia  (lirran),  ■ 
Borate  of  magaeBia  (boraeite), 


2.72! 
3.946 
2.880 
8.S90 
S.5G0 


2.900 
2.S80 
2.400 
2.«30 
2.TO0 
e.600 


6.T00 
8.000 
6.000 

S.TOO 
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H 
^ 

» 


c 
c 

< 

g 

< 

PS 

< 


» 

c 

CO 

o 

> 

O 


..^    ►■ 


o 


; 

4 
a 


666  do66  66oo6odoc  6  s'ososocs 


CXOk  —  o9i-«o«incxx0k9Cxeko«»« 


^  f5  **  »  -•  •• 

—  *t  5  c  ^  - 

S  C  »  ?  i    .- 

•%  •£  9«  n  -n  ?• 


^9^9«-«>~QOOO»Oka»xao«6Ct«r»r-t^S«o««^c  3 


^^^^eOe0e?eCeOf9f9C9f9nfe«9*9n*9M9«MM9« 


r«r<»  —  »'»<Or'»  —  0» 


S0XX»»OC«0  —  ^  —  — ^  '^•*,rt— ••^.* 

—  —  —  ^  — —  —  —  —  —  ——  —  —  —  —  —  cc  ceo 


I 


M^     «A     MM     0^     m0^    fi0»>    0-^     -^     *i^     -^     •M     "^     w^     «^     M^     *^     •«     *^      M^      ••        ^ 


^^~—  —  M-r%c#—  y-x?t»rtx-r—  T»--* 
M*      ^     f"*^     f^      "^^     »^      *>*      *^      "^      M^      *^     'V^     '■^      "^      '^      ^      ^i     ^      ^m      •^m       ^  t 


s 


a 


ri  —  r.  T   -^  •■•.  r:  ?«  ^  ri  x  » -  c  ^  rr  ?«  —  X  ?  t .   c  -  — 

C    riX.X    /    T    XXTt-.t-.r-.t-t-t-»-i.»-^  ^    ^  .  ^ 

^^         viV        «^        <■■         «^         «^         m^        «i^         '■^         ^V        Vi*        ^^        ^^         ^*        ^M^        ^V        ^V         <^         ^^  w         W  ^^  ^m 

••  r-  T  •♦  'C  C  w*  —  X   t£  -r  »'•  O  ^  -^  ?*?'■»'•  vT  vT    ■  —  •* 

C.-j^^-i.n-^-^-rrtr*!^^*?^-*—  —  —  —  J    -P?  ?  . 

■ri  ri  ■?»  r«  ri  r«  ?•  ri  >«  ri  ri  *i  r«  f»  r«  ?»  r»  f*  r.  ft  5«  f.  *• 

f*re^-r    —  r-^-.  — »--»^».  -»*«*•-.-  —  -♦  ; 
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TABLE    IX. 

TABLE  FOR  THE  TENSION  OF  AQUEOUS  VAPOB  FOB 
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TABLE  FOR  THE  TENSION  OF  AQUEOUS  VAPOR  FOR  TEMPERA- 
TURES FROM  —20  TO  -+-350  C ,  ACCORDING  TO  REGNAULT. 
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TABLES. 


f 

Traakm. 

oo. 

Traflkn. 

o 

in.  in. 

o 

B.  in. 

-hU.O 

11.908 

-♦-18.0 

15.357 

14.1 

11.9^6 

18.1 

15.454 

14.2 

12.064 

18.2 

15.552 

14.3 

12.142 

18.3 

15.650 

14.4 

12.220 

18.4 

15.747 

II.5 

12.298 

18.5 

15.845 

14.6 

12..^78 

1S.6 

15.945 

11.7 

12.458 

18.7 

16.045 

11.8 

12.538 

18.8 

16.145 

14.9 

12.619 

18.9 

16.246 

15.0 

12.699 

19.0 

16.346 

15  1 

I2.7M 

19.1 

16.149 

15.2 

I2.S6I 

19.2 

16..552 

15.3 

12.917 

19.3 

16.655 

15.4 

13.029 

19.4 

16.758 

15.5 

13.112 

19.5 

16.861 

15.6 

13.197 

19.6 

16.967 

15.7 

I3.2*<l 

19.7 

17.073 

15.8 

13.366 

19.8 

17.179 

15.9 

13.451 

19.9 

17.285 

16.0 

13.536 

20.0 

17.391 

IH.l 

l:j.623 

20.1 

17.500 

lti.2 

|:L7I0 

20.2 

I7.»»0H 

i»;.3 

l.i.7M7 

20.3 

17.717 

Iti.t 

IS.***** 

20.1 

17.*<26 

16.5 

I3.H72 

20.5 

I7.M3'> 

16.6 

I  ».mJ2 

20.6 

l''.047 

16.7 

n.r>i 

20.7 

I'i.Io^ 

16  M 

11.211 

20.** 

l'*.27I 

Iti  4 

14.:t:tl 

20.*» 

l«<.:i*»3 

17. •> 

11.121 

21.0 

1**.I95 

17. 1 

HM.J 

21  1 

I«^.»il0 

17.  i 

1  !.»»••'» 

l'1.2 

l'^.72l 

17. :i 

1  l.«.'*7 

21.3 

I'^.'^lW 

17.1 

1170 

211 

H.*»M 

17  \ 

1  »  -'-2 

21.-. 

p».«M,«i 

17. »i 

1 1.'»:7 

21.«i 

P».l-7 

17.7 

r.  •»:.• 

21.7 

P»  n  r» 

17  *» 

r'.i».7 

21.'' 

l*«.ij:l 

I7.«» 

15  2».2 

2I.*» 

l'«5il 

oo. 


o 
-i-22.0 

22.1 

22.2 

22.8 

22.4 

22.5 

22.6 

22.7 

22.8 

22.9 


23.0 
23.1 
23.2 
23.3 
23.4 
23.5 
23.6 
23.7 
23.8 
23.9 

24.0 
24.1 
21.2 
21.3 
21.4 
21.5 
2  4.6 
24.7 
24.'^ 
24.9 

25.0 
25  1 
25.2 
25.3 
25.4 
25.5 
2'».6 
2'».7 
2'».'» 
2*».*4 


19.659 
19.7HO 
19.901 
20.022 
20.143 
20.265 
20.389 
20.514 
20.C39 
20.763 

20.888 
21.016 
21.144 
21.272 
21.400 
2l.52}f 
21. 659 
21.790 
21.921 
22.053 

22.1S4 
22.3 1  *• 
22.4:»3 

22.723 
22.  •*5'^ 
22.9**H 
23.13-. 
23.27.1 
23.411 

23.5*^0 
?3.h«»2 
23.««3  4 

2.4.97'i 

24.n«» 

24  2til 
2l.4«>«> 
J  1.5  .2 
2l.6»7 
21.'*  42 


OC. 


o 
-»-2«.0 

26.1 

26.2 

2<.3 

26.4 

26.5 

26.« 

26.7 

2'i.«4 

26.9 


27-0 
27.1 
27-2 
27.3 
27.4 
27.5 
27.6 
27.7 
27.8 
27.9 


2^.1 

2^.3 
2^.4 

2*  6 

2*  *" 

2^.*» 


•^>  o 
2«».l 

29.1 

29  4 
*•  5 

?*  •» 
♦*•  7 


2i.**» 

25.2?- 
25.  a» 

2S  Ji»* 
25.T> 

25-*»l 

2«.nu 

26l|^ 
26JA1 


26  id 


26-f7* 


f7.tU 

27.617 

27. 

TT* 

27  939 

♦•. 

I'l 

2» 

>• 

•  • 

4 -J 

^ 

M 

^ 

THi 

*J1 

^ 

b'l 

2^ 

•Tl 

i^ 

li! 

y* 

►  i: 

•«» 

••• 

• 

r* 

«  « 

3i» 

in 

S' 

>-. 

3» 

«T> 

S' 

hVi 

»• 

*5: 

Si 

Ml 

31 

l«> 

31 

.^« 

TABLES. 
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OC. 

Tension. 

OC. 

Tendon. 

oc. 

Tension. 

oc. 

Tendon. 

m.  m. 

o 

m.  ni« 

o 

m.  m. 

o 

m.  m. 

-1-30.0 

31.548 

-f-31.0 

33.405 

-t-82.0 

85.359 

-t-33.0 

37.410 

30.1 

31.729 

81.1 

83.596 

82.1 

35.559 

33.1 

87.621 

80.2 

81.911 

31.2 

83.787 

82.2 

35.760 

33.2 

87.832 

80.8 

32.094 

81.3 

83.980 

82.3 

35.962 

83.8  • 

88.045 

30.4 

32.278 

31.4 

84.174 

82.4 

36.165 

33.4 

38.258 

30.5 

82.463 

31.5 

84.368 

32.5 

36.870 

88.5 

38.473 

30.6 

32.650 

81.6 

34.564 

82.6 

36.576 

83.6 

38.689 

30.7 

32.837 

81.7 

84.761 

82.7 

86.783 

83.7 

88.906 

30.8 

33.026 

31.8 

34.959 

32.8 

86.991 

83.8 

89.124 

80  9 

38  215 

81.9 

85.159 

82.9 

87.200 

83.9 

89.344 

84.0 

39.565 

84.8 

40.230 

34.6 

40.907 

84.9 

41.595 

34.1 

39.786 

34.4 

40.455 

34.7 

41.135 

85.0 

41.827 

84.2 

40.007 

84.5 

40.680 

84.8 

41.364 

TABLE    XI. 


TABLE  FOR  THE  CALCULATION  OF  THE  VALUE  OF  I  +  0.00366  t. 


t. 

Number. 

liOg. 

1. 

Number. 

Log. 

o 
—2.0 

0.99268 

9.99&S1 

o 
0.0 

1.00000 

0.00000 

1.9 

0.99305 

9.99697 

-t-0.1 

1.00037 

0.00016 

1.8 

0.99341 

9.99713 

0.2 

1.00073 

0.00032 

1.7 

0.99.378 

9.99729 

0.3 

1.00110 

0.00048 

1.6 

0.99414 

9.99745 

0.4 

1.00146 

0.00063 

1.5 

0.99451 

9.99761 

0.5 

1.00183 

0.00079 

1.4 

0.99  488 

9.99777 

0.6 

1.00220 

0.00095 

1.3 

0.99:)24 

9.99793 

0.7 

1.00256 

0.00111 

1.2 

0.99561 

9.99809 

0.8 

1.00298 

0.00127 

1.1 

0.99597 

9.99825 

0.9 

1.00.329 

0.00143 

1.0 

0.99634 

9.99841 

1.0 

1.00366 

0.00159 

0.9 

0.99671 

9.99S.>7 

1.1 

1.00403 

0.00175 

0.8 

0.99707 

9.99878 

1.2 

1.00489 

0.00191 

0.7 

0.99714 

9.99888 

1.3 

1.00476 

0.00207 

0.6 

0.99780 

9.99904 

1.4 

1.00512 

0.00222 

0.5 

0.99817 

9.99920 

1.5 

1.00549 

0.00238 

0.4 

0.99S54 

9.99937 

1.6 

1.TJD5S6 

0.002.54 

0.3 

0  99S90 

9.99952 

1.7 

l.T)0622 

0.00270 

0.2 

0.99927 

9.99968 

1.8 

1.00659 

0.00285 

—0.1 

0.99963 

9.99984 

1.9 

1.00695 

0.00301 

tw 

TABLES. 

1 

1. 

Kambcr. 

1 

r. 

Namlwr. 

U€ 

o 
-4-2.0 

1.00732 

0.00317 

-h6.0 

1.02196 

0.00M3 

2.1 

1.00769 

0.00383 

6.1 

1.02238 

0.009M 

2.2 

1.00805 

0.00319 

6.2 

1.02269 

0.009TS 

2.3 

1.00842 

0  00366 

6.8 

1.02806 

0.00991 

2.4 

1.00878 

0.00381 

6.4 

1.02842 

001006 

2.5 

1.00915 

0.00397 

6.5 

1.02879 

0.01022 

2.6 

1.00952 

0.00413 

6.6 

1.02416 

0.0101^ 

2.7 

1.00988 

0.00428 

6.7 

1  02452 

0.0I0S4 

2.8 

1.01025 

0.00444 

6.8 

1.02489 

OU>IO» 

2.9 

1.01061 

0.00459 

6.9 

1.02523 

o.oia»4 

3.0 

1.01098 

0.00474 

7.0 

1.02.562 

0.01099 

8.1 

1.01185 

0.00490 

7.1 

1.02599 

0U>II1S 

3.2 

1.01171 

0.00506 

7.2 

1.02635 

0.01 121 

8.3 

1.01208 

0.00521 

7.8 

1.02672 

0.01147 

3.4 

1.01241 

0.00537 

7.4 

1.O2T0H 

0.01162 

3.^ 

1.012J<1 

0.00553 

7.5 

1.02745 

0.01177 

3.6 

1.01318 

0.00568 

7.6 

i.on<2 

0.01  I9S 

3.7 

1.01351 

0.00584 

7.7 

1.02i*18 

0.0I20N 

8.8 

1.01391 

0.00600 

7.8 

1.02^55 

0.0123) 

8.9 

1.01427 

0.00615 

7.9 

1U)2>91 

0.01S>» 

4.0 

1.01461 

0.00631 

8.0 

1.0292'* 

00IJS3 

4.1 

I.OIVII 

0.00617 

8.1 

1.029«i5 

O.oi.*** 

4.2 

1.01537 

0.(HH»»»3 

S.2 

1.03001 

0  M|>i 

4.3 

1.0I57I 

0.IH>67.S 

8.3 

l.o;i03*i 

O.iM.^*'' 

4.4 

1.01610 

0.(HHii»4 

H.4 

1.0:m»7  4 

"  'Msr^ 

4.5 

I.OI6I7 

0.tH>710 

M.3 

1.0  nil 

0   Mi3'» 

AM 

l.(U»i»^l 

0.<V>725 

h.»> 

1 .03 1  4H 

0  ^i)^^*, 

4.7 

1.01720 

0.0O7  41 

H.7 

1.0:ii«»i 

o  1  '3»»1 

4.'^ 

l.(M7:)7 

0.00756 

^.'^ 

1.0.{22I 

o  o|  •-? 

4.y 

1.017JI3 

0.00772 

>,0 

1.0T2'»7 

0  »'|    »*i 

.-.o 

1.01^30 

0.007  S^ 

9.(» 

l.032<*l 

0,«>l  «OT 

:..! 

\.0\^*i7 

0.04  »M»3 

9.1 

l.o:'3.-:i 

O.OU23 

:).2 

I.0]<M)3 

0.<VKI9 

9.2 

1 .033ti7 

0  0||I% 

.••3 

1.01J*|0 

o.fHwni 

9.3 

|.03iOl 

«'.OU.%4 

.1.4 

l.o|M7rt 

0  (>0H-,0 

9.4 

l.o.mo 

«»  014^9 

5.'> 

1.02013 

0.IMWH.5 

9.5 

1.03177 

0-0U»4 

.%.♦• 

1.020-,0 

0.0<Wh| 

9.6 

1 .035 1  4 

0.O|5ai> 

.•V.7 

I.n2<»*»6 

0.<¥)»»*^ 

9.7 

1 .0:»5.50 

o.>m5 

:».•* 

l.«»2123 

OIHHilJ 

9.** 

l.o3*.*»7 

oni   3> 

5.9         , 

1 

1.«>2I%9 

0.00927 

9.9 

I.0J623 

O.o|>«\ 

TABLES. 
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1. 

Number. 

1 

Log. 

1. 

Number. 

I-oj 

o 
■+-10.0 

1.03660 

0.01561 

o 
-hl4.0 

1.05124 

0.02170 

10.1 

1.03697 

0.01577 

14.1 

1.05161 

0.02183 

10.2 

1.0J733 

0.01592 

14.2 

1.05197 

0.02200 

10.8 

1.03770 

0.01607 

14.3 

1.05234 

0.02213 

10.4 

1.03806 

0.01628 

14.4 

1.05270 

0.02230 

10.5 

1.03843 

0.01689 

14.5 

1.05307 

0.02246 

10.6 

1.03880 

0.01653 

14.6 

1.05344 

0.02261 

10.7 

1.03916 

0.01669 

14.7 

1  03330 

0.02276 

10.8 

1.0.1953 

0.01683 

14.8 

1.05417 

0.02291 

10.9 

1. 03939 

0.01698 

14.9 

1.05453 

0.02306 

11.0 

1.01026 

0.01714 

15.0 

1.06490 

0.02321 

11.1 

1.04063 

0.01729 

13.1 

1.05527 

0.023:56 

11.2 

1.04099 

0.01744 

15.2 

1.05563 

0.02.351 

11.3 

1.04136 

0.01759 

15.3 

1.05600 

0.02366 

11.4 

1.04172 

0.01775 

15.4 

1.03636 

0.02381 

11.5 

1.04209 

0.01790 

15.5 

1.0.3673 

0.02396 

11.6 

1.04246 

0.01805 

13.6 

1.03710 

0.02411 

11.7 

1.04282 

0.01820 

15.7 

1.05746 

0.02  426 

ll.S 

1.04319 

0.01836 

15.8 

1.05783 

0.024  41 

11.9 

1.04353 

0.01851 

15.9 

1.03819 

0.02436 

12.0 

1.04392 

0.01867 

16.0 

1.05836 

0.02471 

12.1 

1.04429 

0.018S2 

16.1 

1.05893 

0.02486 

12.2 

1.01465 

0.01897 

16.2 

1.05929 

0.02501 

12.3 

1.01502 

0.01912 

163 

1.05966 

0.02316 

12.4 

1.04538 

0.01928 

16.4 

1.06002 

0.02331 

12.5 

1.01575 

0.01943 

16.5 

1.06039 

0.02546 

12.6 

1.04612 

0.01958 

16.6 

1.06076 

0.02561 

12.7 

1.04648 

0.01973 

16.7 

1.06112 

0.02376 

12.8 

1.04635 

0.01989 

16.8 

1.0H149 

0.02.391 

12.9 

1.04721 

0.02004 

16.9 

1.06185 

0.02606 

13.0 

1.04758 

0.02019 

17.0 

1.06222 

0.02621 

1.3.1 

1.04793 

0.02034 

17.1 

1.06259 

0.02636 

18.2 

1.04831 

0.02049 

17.2 

1.06295 

0.02631 

13.3 

1.04868 

0.02064 

17.3 

1.06.S32 

0.02666 

13.4 

1.04904 

0.02079 

17.4 

1.0636S 

0.026*<1 

13.5 

1.01941 

0.02093 

17.5 

1.06403 

0.02696 

13.6 

1.04978 

0.02110 

17.6 

1.06442 

0.02711 

13.7 

1.05014 

0.02123 

17.7 

1.06478 

0.02726 

13.8 

1.05031 

0.02140 

17.8 

1.06516 

0.027  41 

18.9 

1.05087 

0  02156 

17.9 

1.06551 

0.02736 

60 
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TABLES. 


t. 


NiunbOT* 


Lof 


18.0 

1.06588 

0.02771 

18.1 

1.06625 

0.027S6 

1S.2 

1.06661 

0.02S01 

H.S 

1.06698 

0.02S16 

18.4 

1.06731 

0.02831 

I'^.o 

1.06771 

0.02846 

1S.6 

1.06H08 

0.02861 

1S.7 

1.06S4I 

0.02876 

IS.S 

1.0688 1 

0.02891 

18.9 

1.06917 

0.02906 

19.0 

1.06951 

0.02921 

10.1 

1.06991 

0.02936 

19.2 

1.07027 

0.029  Jl 

i:».3 

1.07061 

0.02965 

19.4 

1.07100      ! 

0.02980 

19.5 

1.07137 

0.02995 

19.0 

1.07174       , 

0.03009 

19.7 

1.07210 

0.03021 

19.S 

1.07247       1 

0.03039 

19.9 

1.07283 

0.03053 

2'>.0 

1 .07:J2t) 

0.0:;o«-i 

2).l 

1.07:J.'»7 

0.0:i(W3 

20.2 

l.M7:tJ»:» 

0.o:nHi«» 

2') :: 

1.07  i.;0 

0.0:{||;i 

20. 4 

1.07li»fi 

().(>:n2-- 

2  ».*» 

l.(»7:.o.j 

n.'.'niJ 

2'».»; 

l.'t7:)io 

o.o;r'7 

20.7 

1.07*»7»» 

0.0.UT2 

2'».-^ 

l.«»7i.i:i 

o.o;u-7 

•J:l/| 

1.07»il9 

o.<>;;2'M 

21.  > 

1.07».'«»i 

o.o:{2iti 

2 1 . 1 

1.077J.I 

o.o.!.>:ji 

2 1.  J 

1.077   '» 

O.n  .2i»i 

21.  J 

1.077"<«i 

o.o.:.»»,| 

21.1 

l.<»7-:{2 

(».iai:*. 

2 1 . '» 

1  o>..» 

n  ii;{2'ni 

21  ♦; 

1. ♦»:•»(  Hi 

iKM.;:io*» 

2 17 

1.07'»l2 

0.0:3.0 

21. s 

1  n7«i7?» 

0  0  ;  ;j  1 

21.*» 

1  n^np, 

o.onu'J 

f. 


9E 


o 
H-22.0 

22.1 

22.2 

22.3 

22.4 

22.5 

22.6 

22.7 

22.8 

22.9 


23.0 
23.1 
23.2 
23.3 
23.1 
23.5 
23.6 
23.7 
23.8 

23.9 


21.0 
21.1 
21.2 
2  4.:i 
21.1 
2;.-> 
2l.h 
21.7 
2l.*< 
21.9 


2'..0 
2-..1 
2 '» .  2 
2V3 
2'..| 
2  •.I 
2».M 
2 -..7 
2'..- 
2'>.'» 


1.0MS2 

ojoan 

'       I.ONW19 

0.0079 

1.08125 

coon 

1.08162 

O.'^ftlOPi 

1.0<)|9i9 

O.Qt422 

1.0*«23.1 

o.Oftor 

1.0<27i 

O.At4S2 

'       1.08308 

O.OtlM 

1.0^315 

0.tt<*l 

1.0S3M 

1 

O.Qt«i 

1.0ft4l< 

1 

o.n&sio 

1.0*<I55 

o.as5*s 

1.0K49I 

O.OUJi 

1.0852* 

oou^ 

1.0M56  4 

0.035«« 

1.0$i«0l 

0.03X3 

1.0>^«S«« 

o.in3»« 

1.0^671 

O.OMIS 

1.0^711 

0.rtJ»2: 

1.0^747 

0  01413 

l.ft^7*»l 

ft  'V*  Vi 

I  <V.*».M 

0.'U*T| 

l.rH^*»7 

<»  i"ia%»'. 

l.«»^*9l 

(t  1. i"t  • 

l.ti^Mrii^ 

0  .1   T.  . 

l.«»*^T 

«•  •'-.:. 

l.tVMtill 

I>  ..■-., 

1    f>Mll|l> 

0    k.tT> 

i.«»»».»:7 

«■.■■'■*?: 

l.«>'Mi.; 

•            "  »  " 

l.i»*»l'.o 

'■  '"J*    JI 

l.<v»|«.7 

It        •  >  ■;  • 

1.<W.».M 

0  .♦  .•  I 

1  .•"*i2mI 

0 .  a*  .* 

I.«»'«2'»^ 

C  -^  .»*i^ 

l.'»M;.t  1 

0  *>.\«T> 

l.«»*i3:» 

0  «CI^«« 

i.om«^ 

0  iU*  1 

1.0-MI3 

0  o;.*i« 

1.IHJ79 

o(t»:3 
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u 

Namber. 

1>». 

<. 

Namber. 

Log. 

o 
+26.0 

1.09516 

0.03948 

o 
-+-30.0 

1.10980 

0.04624 

26.1 

1.09563 

0.03963 

30.1 

1.11017 

0.04538 

26.2 

1.09589 

0.03977 

30.2 

1.11053 

0.04652 

26.3 

1.09626 

0.03992 

30.3 

1.11090 

0.04567 

26.4 

1.09662 

0.04006 

.30.4 

1.11126 

0.04581 

26.6 

1.09699 

0.04021 

30.5 

1.11163 

0.04595 

26.6 

1.097.36 

0.04035 

30.6 

1.11200 

0.04610 

26.7 

1.09772 

0.04050 

30.7 

1  11236 

0.04624 

26.8 

1.09809 

0.04064 

80.8 

1.11273 

0.04638 

26.9 

1,09845 

0.04079 

30.9 

1.11309 

0.04653 

27.0 

1.09882 

0.04093 

31.0 

1.11346 

0.04667 

27.1 

1.09919 

0.04107 

31.1 

1.11383 

0.04681 

27.2 

1.09965 

0.04122 

31.2 

1.11419 

0.04696 

27.3 

1.09992 

0.04136 

31.3 

1.11456 

0.04710 

27.1 

1.10023 

0.04150 

81.4 

1.11492 

0.01724 

27.5 

1.10065 

0.04165 

81.6 

1.11629 

0.04738 

27.6 

1.10102 

0.04179 

31.6 

1.11666 

0.04753 

27.7 

1.10138 

0.04193 

81.7 

1.11602 

0.04767 

27.8 

1.10175 

0.04208 

81.8 

1.11639 

0.04781 

27.9 

1.10211 

0.04222 

81.9 

1.11676 

0.04796 

28.0 

1710248 

0.04287 

82.0 

1.11712 

0.04810 

28.1 

1.10285 

0.04251 

82.1 

1.11749 

0.04824 

29.2 

1.10321 

0.04266 

32.2 

1.11786 

0.04838 

2S.3 

1.10358 

0.04280 

82.3 

1.11822 

0.04852 

28.4 

1.10394 

0.04295 

32.4 

1.11858 

0.04866 

28.5 

1.10431 

004309 

32.6 

1.11896 

0.04881 

28.6 

1.10468 

0.04323 

82.6 

1.11932 

0.04895 

28.7 

1.10504 

0.04338 

82.7 

1.11968 

0.04909 

28.8 

1.10541 

0.04352 

82.8 

1.1*2005 

0.01923 

28.9 

1.10577 

0.04367 

32.9 

1.12041 

0.01938 

29.0 

1.10614 

0.04381 

83.0 

1.12078 

0.04952 

2i.l 

1.10651 

0.04396 

33.1 

1.12115 

0.04966 

29.2 

1.10687 

0.04410 

33.2 

1.12151 

0.04980 

29.3 

1.10724 

0.04424 

33.3 

1.12188 

0.04994 

29.4 

1.10760 

0  04438 

.33.4 

1.12224 

0.05008 

29.5 

1.10797 

0.04453 

83.5 

1.12261 

0.05022 

29.6 

1.10S34 

0.04467 

83.6 

1.12298 

0.05036 

29.7 

1.10870 

0.04482 

83.7 

1.12334 

0.050.%0 

29.8 

1.10907 

0.04496 

83.8 

1.12.371 

0.0>0h5 

29.9 

1.10943 

0.04510 

33.9 

1.12407 

0.05079 

r 
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f. 


c 
H-34.0 

S4.1 

31.2 

31.3 

34.4 

34.5 

34  6 

84.7 

34.8 

3i.!l 


35.0 
35  1 
35.2 
35.3 
85.4 
35.5 
35.6 
85.7 
35.8 
85.9 


36.0 
.•?«.! 
3rt.2 
Mi  :t 
a«>.  I 

MM 
3f».7 
36.S 

36.9 


10 
II 
42 

n 
It 
r» 

i: 


NombOT. 


I-» 


t. 


Xo»Urr. 


1.12444 
1.12481 
1.12517 
I.12:)51 
1.12590 
1.12627 
1  12664 
M2700 
1.12737 
1.12773 

1  12810 
1  12S47 
1.12>8J 
1  12920 
1.12956 
1.12993 
1.13030 
1.13066 
1.13103 
1.13139 


1.1.T176 
1.132 1. 1 

l.l:r2'*»> 
1. 13322 
1. 1 :{.::»» 
1 . 1  :t.iMG 
I.i:u:i2 

l.Mvri 


1.1  i«>r) 

1.1  M7  2 
l.riT.i** 
l.Kiloi 

i.it.j:» 
i.ifi*:»'i 

1.17  ■••» 
1.17  .hi 

l.l7*»:ii 


0.05094 
0.05108 
0.05122 
0.05136 
0.05 1  :>0 
0  05164 
0.05178 
0.05193 
0.05207 
0.05221 

0.06235 
0  0)249 
0.1)526.1 
0.0 .277 
0.05291 
0.05305 
0.0.V119 
0.05333 
0.05347 
0.05361 


0.0-375 
0  (KiZ^^ 
0.(»5  103 
0.05117 
O.O.Mai 

0.'»:»||6 

(».0'»|M> 

0.()-.|7  4 
O.O'iiss 

0.0VV>2 


o.«)-.«»;i 

(MN.H7J 
(MHi210 

0.«»til*»*» 
«».'»«.ir2l 
().«>«i7.*»'» 

n.i»7n-2'» 
0.(»7164 


o 
H-37.0 

87.1 

87.2 

S7. 1 

87.1 

S7.5 

37.'J 

S7.7 

37.8 

37.9 


38.0 
8X.1 
88.2 
88.3 
38.4 
38.5 
38.6 
38.7 
3S.8 
3^9 


3I>.0 
39.1 

39.2 
.19.  a 

:»*».! 
:m.-» 

3«».7 
39.** 
39.9 


:.o 
:>\ 

53 
51 


:.*• 


.Vi 


57 


59 


1.13512 
I.l357i 
I.|r6l5 
1.13652 
1.186**H 
1.13725 
I.l37t2 
1.1379H 

1.13^35 
1.I3>71 

1.18908 
1.18945 
1.I89<4| 
1.14018 
1.14054 
1.14091 
1.14128 
1. 14164 
1.14201 
1.14237 


1.14271 
1.1 13 1 1 
1  lit  7 
1  1  i:**l 
1 . 1 1 IJ  » 
1.1H»7 
1.14I*«4 

1  ir».M 

1.1|.%«»7 
1.14603 


II'  !•►> 
1  I*M»h 
I.MMU2 
I.l9.r*«"* 
1  l»«7»i4 
1.2*»l  :•> 
I  2  » I*** 
1  2t>*»i2 
1.212.»«» 
121594 


O.rtiJU 

O.CI&5I4 
0.0&>*u« 
0.05'i72 
0.0»V») 
O.Oi\« 
0.«%5«IJ 

o.o5*rr 

0.»5»4l 

0.034\S 
0.O5M9 
0.0j««3 
0«%5*«r 
O.t^STll 
0.f»T25 
0<»79 
0.A57:J 
0.iW7*7 
0.057^1 


0  «'\Hi*« 

0  •»%•:! 
o.«»*-*j: 

O  0\*7« 

41.1    -.».•.  . 


O     77  »•' 
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TABLE    XII. 

TABLE  FOB  THE  CALCULATION  OF  THE  VALUE  OF  1  +  0.00367  t. 


t. 

log. 

DiS. 

f. 

log. 

Diff. 

(. 

log. 

DfO. 
105 

60 

0.08643 

131 

100 

0.13577 

117 

140 

0.18007 

61 

0.08772 

181 

101 

0.18693 

116 

141 

0.18112 

103 

62 

0.08903 

131 

102 

0.18809 

116 

142 

0.18217 

105 

63 

0.09033 

130 

108 

0.13925 

116 

143 

0.18822 

105 

64 

0.09162 

129 

104 

0.14041 

116 

144 

0.18426 

104 

65 

0.09291 

129 

105 

0.14156 

115 

145 

0.18530 

104 

66 

0.09120 

129 

106 

0.14271 

115 

146 

0.18634 

104 

67 

0.09548 

129 

107 

0.14383 

114 

147 

0.18738 

104 

68 

0.09676 

129 

108 

0.14499 

114 

148 

0.18841 

103 

69 

0.09803 

127 

109 

0.14613 

114 

149 

0.18944 

103 

70 

0.09930 

127 

110 

0.14727 

114 

150 

0.19047 

103 

71 

0.10057 

127 

111 

0.14841 

114 

1)1 

0.19150 

102 

72 

0.10183 

126 

112 

0.14954 

113 

152 

0.19252 

102 

73 

0.10309 

126 

113 

0.15067 

113 

153 

0.19354 

102 

74 

0.10434 

125 

114 

0.15179 

112 

154 

0.194)6 

102 

75 

0.10559 

125 

115 

0.15291 

112 

155 

0.19)58 

102 

76 

0.10684 

125 

116 

0.16403 

112 

156 

0.19660 

102 

77 

0.10S09 

125 

117 

0.15515 

112 

157 

0.19761 

101 

79 

0.10933 

124 

118 

0.15626 

111 

159 

0.19962 

101 

79 

0.11057 

124 

119 

0.15787 

111 

159 

0.19963 

101 

80 

0.11180 

123 

120 

0.15848 

111 

160 

0.20063 

100 

81 

0.1130* 

123 

121 

0.15959 

111 

161 

0.20163 

100 

92 

0.11426 

123 

122 

0.160H9 

110 

162 

0.20263 

100 

83 

0.115  49 

122 

123 

0.16179 

110 

163 

0.20363 

100 

84 

0.11670 

122 

124 

0.16289 

no 

164 

0.20163 

100 

85 

0.11792 

122 

125 

0.16898 

109 

165 

0.20562 

99 

86 

0.11913 

121 

126 

0.16507 

109 

166 

0.20661 

99 

87 

0.r20:U 

121 

127 

0.16616 

109 

167 

0.20760 

99 

89 

0.lir>5 

121 

128 

0.16725 

109 

16S 

0.20859 

99 

89 

0.12275 

120 

129 

0.16933 

108 

169 

0.20958 

99 

90 

0.12395 

120 

130 

0.16941 

108 

170 

0.210)6 

99 

91 

0.12)15 

120 

131 

0.17049 

108 

171 

0.21154 

99 

92 

0.1263  4 

119 

1.32 

0.17156 

107 

172 

0.21252 

99 

93 

0.127 '3 

119 

133 

0.17263 

107 

173 

0.213)0 

99 

94 

0.12872 

119 

134 

0.17370 

107 

174 

0.21417 

97 

95 

0.12990 

118 

135 

0.17477 

107 

175 

0.21544 

97 

96 

0.13I0S 

118 

136 

0.17594 

107 

176 

0.21611 

97 

97 

0.13226 

118 

137 

0.17690 

106 

177 

0.217.38 

97 

99 

0.13343 

117 

138 

0.17796 

106 

178 

0.21834 

96 

99 

0.13160 

117 

139 

0.17902 

106 

179 

0.21930 

96 

1 

60 
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t. 

log. 

Dlff. 

f. 

180 

0.22026 

96 

220 

181 

0.22122 

96 

22 1 

182 

0.22218 

96 

222 

183 

0.2*2314 

96 

223 

184 

0.22409 

95 

224 

lt»5 

0.22504 

95 

225 

186 

0.22599 

95 

226 

187 

0.22693 

94 

227 

188 

0.22787 

94 

228 

189 

0.2*2882 

95 

229 

190 

0.22976 

91 

230 

191 

O.-iSOTO 

94 

231 

192 

0.23163 

93 

232  t 

193 

0.232:>7 

94 

233 

191 

0.23350 

93 

234 

195 

0.23143 

93 

235 

196 

0.23:.36 

93 

236 

197 

0.2.3628 

92 

2.37 

19'^ 

0.23721 

93 

238 

199 

0.23813 

92 

239 

200 

0.2.3905 

92 

240 

2t»l 

0.23997 

91 

241 

202 

0.2iO«»S 

92 

2  42 

■20:i 

0.2  1 1 M) 

91 

243 

21 U 

0.2rJ7l 

91 

214 

20'> 

0.21. it.  i 

91 

*24:> 

206 

O/iiL-j.-J 

91 

2M> 

207 

0.2r>l4 

tM) 

247 

2»H 

o.2ii.:u 

92 

2iH 

2XJ 

0.2172  4 

90 

2  49 

21) 

0.21*1  1 

90 

2-»0 

211 

0.2I'»"I 

90 

2:»  1 

JI2 

0.2199  4 

!»0 

2^2 

2i:» 

0.2 '•«»'.  1 

9<i 

25  1 

21  t 

0.2M73 

.***♦ 

2'4 

2 1  :> 

o.2"»Jt»2 

?••♦ 

2:»'> 

2I»i 

o.  2  ••:»'.  1 

*»«J 

2*»6 

217 

O.j'iUO 

♦»9 

257 

VI- 

0.2-,',2» 

h9 

2'»*< 

2  P.* 

^...,: 

.»••♦ 

259 

0.25705 
0.25793 
0.-25881 
0.259t9 
0.26057 
0.26U4 
0.26*231 
0.26318 
0.26405 
0.26492 

0.26578 
0.26665 
0.26751 
0.26f37 
0.26922 
0.27008 
0.27094 
0.-27I79 
0.27264 
0.27349 

0.27  434 
0.27M9 
0.27603 
0.276HS 
0.27772 
0.27*»'»6 
0.279 10 
0.2M>23 
0.2*»IO7 
0.2M90 

0.2*^27  4 
0.2-3.7 
0..'*»I39 

o.>:.22 
o.2^«i(»^ 

0.2'«7»i9 
0.2*^*51 
0.2"'H33 
0.-29iH5 


nuL 

f. 

y^ 

88 

260 

0.29027 

88 

261 

0.29IM 

88 

262 

0.29260 

88 

263 

'     0.19341 

88 

261 

0.19122 

87 

266 

0.29C08 

87 

266 

0.29591 

87 

267 

0.29661 

87 

264 

0.297  45 

bl 

269 

U.2»»2S 

86 

270 

0.299^ 

87 

271 

0.29fe^ 

86 

272 

^0  ^f^^^^^^^^^B 

86 

273 

0.J0I44 

85 

274 

0.10221 

86 

275 

0.J03O3 

h6 

276 

O.30W3 

85 

277 

0.30463 

85 

278 

0.J0M1 

85 

279 

0.J0620 

H5 

2^0 

o.ro6^ 

^5 

2>*1 

o.^»:t6 

^4 

2*2 

0.3«W\5 

yij 

2'*3 

0  309:a 

HI 

2*^4 

0.31011 

i*i 

2?''» 

0.3IA^*» 

HI 

2*6 

0.;in67 

H3 

2^7 

0.:il2i5 

^4 

2*»s 

0.3132.1 

.*'3 

2?'9 

O.3IUI0 

*'4 

290 

0.31  ITT 

^3 

291 

0  3n>| 

Hi 

vn 

0  31611 

S3 

2»*3 

0  3IT»>* 

.•*3 

294 

0.3|T^5 

h2 

29% 

0.3l-MiJ 

^2 

296 

0.3I9JH 

Hi 

297 

0  ."t'M* 

*»2 

29^ 

0.320VI 

j»2 

299 

0.32167 

MC 


»1 
•2 

•I 
«1 

«l 

Nl 
»1 

«6 


Tw 

T9 


T4 
T% 
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TABLE    XIII. 

Expansion  of  Glass, 
TABLE  FOR  THE   CALCULATION  OF  THE  VALUE  OF  \+K(if 


-')• 


t'—u 

log. 

Diff. 

f  —  t. 

log. 

Diff. 

100 

0.00117 

200 

0.00234 

12 

110 

000129 

12 

210 

0.002  16 

12 

120 

0.00140 

11 

220 

0.00257 

11 

130 

0.00152 

12 

230 

0.00269 

12 

110 

0.00164 

12 

240 

0.00281 

12 

ISO 

0.00176 

12 

250 

0.00293 

12 

160 

0.00187 

11 

260 

0.00304 

11 

170 

0.00199 

12 

270 

0.00316 

12 

180 

0.00211 

12 

280 

0.00328 

12 

190 

0.00222 

11 

290 

» 

0.00339 

11 

TABLE    XIV. 

TABLE  FOR  THE  CALCULATION  OF  THE  WEIGHT  OF  ONE  CUBIC 

CENTIMETRE  OF  AIR. 

Weight  at  0^  =  0.0012932.  /To  =  76  c  m. 


f. 

log. 

Diff 

f. 

log. 

Diff. 

0 

7.11166 

o 

15 

7.081^9 

151 

1 

7.11007 

159 

16 

7.08688 

151 

2 

7.10848 

159 

17 

7.08538 

150 

8 

7.10690 

158 

18 

7.08388 

150 

4 

7.105.S3 

157 

19 

7.09239 

149 

5 

7.10376 

157 

20 

7.08090 

149 

6 

7.10220 

156 

21 

7.07942 

148 

7 

7.10064 

156 

22 

7.07794 

148 

8 

7.09909 

155 

23 

7.07647 

147 

9 

7.09755 

154 

24 

7.07600 

147 

10 

7.09601 

154 

25 

7.07354 

146 

11 

7.09447 

154 

26 

7.07208 

146 

12 

7.09294 

153 

27 

7.07068 

145 

13 

7.09142 

152 

28 

7.06918 

145 

14 

7.08990 

152 

29 

7.06774 

144 

The  following  connections  must  be  added  to  the  alwve  loprnrithms  when  the  barometer 
stands  hi^^her  than  76  c  m.,  and  subtracted  from  them  when  it  stands  lower.  The 
correction  for  tenths  and  hundredths  of  centimetres  is  found  by  moving  the  decimal 
point  one  or  two  figures  to  the  left. 


Lne.  m. 

Corr. 

Diff.  in  e.  m. 

Corr. 

Diff.  in  0.  m. 

Corr. 

1 
2 
3 

0.0057 
0.0114 
0.0171 

4 
5 
6 

0.0228 
0.0285 
Q.0342 

7 
8 
9 

0.a399 
0.0456 
0.0513 
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TABLE    XV. 

EXPANSION   OF   SOLIDS. 


Name  of  Sutwtaao*. 


lolrmd  ftf 
Taiuprmturv 


Aflwvtit  ftf 


UirimaJ  F 


Linttir  ErjHiusivn  dtUrmthtd  Ig  Ijuvoiutr  ami  />i/Vijnr. 


En{;1i!th  Flint-CilaM, 

(iluM  tube  (wiihoot  lead). 

Stttfl  (tint  hnnli'iicd),     . 

Stivl  (hanlcucd), 

Soft  Iruii, 

Gold,  .... 

Copper, 

Brass, 

Silver,    .... 

Tin 

Lead,     .... 


iP  to  \W9 


tt    *t 


tt    it 


I 


PUtinum, 
GUaa, 

Iron, 

Co;»|H'r, 

raihitliiiiu, 
I.,-, 


>u*»».'.:.-  «■• 


r. 

I. 

1 

I 

/ 

It. 
\ 

V 

<  I 

/ 

I 

i: 

I 

1 
M 


I 


.;  .I'l'tt. 
I  ■'••■  . 


«f  «« 


I*        44 


44         44 


44         44 


44         44 


44 


«( 


44 


44 


44 


44 


liy  l^uInfHf  ai.ti  Pit  ft. 
i  n=^  to  HKl^  1 
\  It     t4>  CMN)  I 

to  KM) 
t«»  21 H) 

to  .14  N> 
to  KM) 
to  .3(M) 

to     1<N) 

to    .".<MI 
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TABLE    XTI. 

VOLUME  AND   DENSITY   OF  WATER.- 


Ttmvtn- 

TohmHotlTtur 

8p,0f.rfW.kf       voi»« 

<M(I°-1).                    t. 

l'  -""" 

Sp.  Or.  or  inwt 

.• 

1.00000 

t. 000000                   1 

00012 

0.999S77 

0.99993 

1.000033                   ] 

0OO07 

0.999930 

0.99091 

1.000092                   1 

00003 

0.999969 

0.99989 

I.O0OIIS                   1 

OOOOl 

0.999992 

0.99998 

1.000123                   1 

00000 

1.000000 

0.99988 

1.000M7                   1 

OOOOl 

0.999994 

0.99990 

1.000097                   1 

00003 

0.9999T3 

0.9999J 

1.0000<i2                   1 

00006 

0.999939 

0.99999 

l.OOOOU                   1 

00011 

0.999390 

l.OOOOS 

0,9999^2                   1 

00017 

0.999S29 

1.00012 

0.999876                   1 

00025 

0.999753 

1.00021 

0.999785                   1 

00034 

0.999B6I 

1000X1 

0.9BB686                   1 

00044 

0.999362 

1,00013 

0.9B9J72                   I 

00053 

0.999149 

1.00016 

0.999145                   1 

00088 

0.999322 

1.00070 

0.999306                   1 

00082 

0.999183 

1.000S5 

0.999135                   1 

00097 

D.99903J 

1.00101 

0.998992                   1 

00113 

0.99S8e9 

1.00II9 

0.99JS17                   1 

00131 

0.998693 

1.001.17 

0.99^631                 1 

00149 

0.998309 

1.00137       , 

0.99*435                   1 

00169 

0.9»S3ia 

1,00173 

0.99^228                   1 

OOISO 

0.99SI04 

1.00200 

0.9nBOIO                   1 

00212 

0.9978.8S 

1.00223 

0.997730.                  1 

00235, 

0.9976'.7 

1.00217 

0.9.17S4I                    1 

00219 

0.997JI9 

23 

1.10271 

0.99729S                   1 

002S4     ' 

0.997170 

2ti 

I.00J9J 

0.997036                   I 

003I0' 

0.996912 

JT 

1.01119 

0.9«7(r7                   1 

00^137 

0.99S64I 

IS 

1.00317 

0.996189                 1 

00365 

0.990367 

29 

I.O0S78 

0.998202                 1 

00393 

0.996082 

SO 

I.OOIOS 

0.999908                 1 

00423 

0.995T87 

aj 

1.003TO 

40 

1.00753 

4S 

1.00931 

60 

1.01177 

S3 

1.01410 

60 

1.0I6M 

63 

1.019M 

70 

I.Oi22S 

75 

1.03941 

SO 

I.0285S 

8S 

1.03199 

M 

1.03310 

93 

1 .03909 

1 

100 

1.0JB99 

718 
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TABLE    XVII. 

FOR  CONVERTING  DEGREES  OF  THE  CENTIGRADE  THERMOICE. 
TER  INTO   DEGREES  OF  FAHRENHEIT'S   SCALE. 
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Fahr. 
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—16* 

Jhihr, 

Cnt. 

0 

-»-26 

Fafer. 
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• 

f^ 

« 
-I-S.2 

•♦-78.8 

ft 

-•-IS44 

99 

116.2 

57 

70.6 

15 

5.0 

27 

80.6 

«6 

iM.: 

9S 

111.4 

56 

68.8 

11 

6.8 

28 

82.4 

7J 

1  •*•-•> 

97 

'     1 12.6 

53 

67.0 

13 

8.6 

29 

M.2 

71 

!»• 

96 

140.3 

51 

63.2 

13 

10.4 

80 

8C.0 

75 

161.4 

93 

139.0 

53 

63.4 

11 

12.2 

81 

87  J* 

78 

163.1 

91 

137.2 

52 

61.6 

10 

14.0 

82 

89.6 

74 

l«3.2 

93 

■     I3V4 

51 

59.8 

9 

15.8 

83 

•1.4 

7S 

icr.6 

92 

133.6 

50 

58.0 

8 

17.6 

84 

98.2 

7« 

w.* 

91 

131.8 

49 

56.2 

7 

19.4 

83 

95.0 

« • 

|7«« 

90 

130.0 

4S 

54.4 

6 

21.2 

86 

96.8 

7'* 

171.4 

89 

,     12-<.2 

47 

52.6 

5 

23.0 

87 

9<S 

79 

i:*2 

8S 

126.1 

46 

50.8 

4 

24.8 

88 

100.4 

80 
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87 
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45 

49.0 

3 

26.6 

89 
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SI 
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^ 
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41 
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2 

28.4 

40 
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82 

IT».« 
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43 
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—  1 
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41 
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83 

1-1  4 
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41 
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43 
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S3 

1-'.  ^ 

82 
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81 
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1 1 2.0 
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7» 
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2^ 

1^.4 

14 

:.7.2 

.'Mi 
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^•« 
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92.2 
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lri.6 

1. 

59.0 

1.I4.K 
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•  • 

«»•» 

90. 4 

2H 

li.*< 

Pi 

(;«).«' 

5^ 

13i.l 

!■•» 

« ■ 

67 

*»«».»» 

2'. 

13.0 

17 

G>.« 

59 

11^  2 

1    1 

« 

ti'i 

-♦».•* 

24 

11.2 

!•* 

61.1 

6> 

1  40.11 

!'•: 

» » 

b'l 

^•..o 

21 

9  4 

19 

6.2 

61 

111.- 

1  »i 

:."  4 

«»* 

Hl.2 

<>  > 

7.«) 

20 

6'<.0 

61 

1  4.m; 

104 

2.  •  : 

h  { 

*»l.l 

21 

f»  •* 

21 

69. i 

61 

145.4 

1*5 

2 .  ■■ 

♦.-• 

7'».rt 

20 

4.0 

2* 

71.6 

61 

147  2 

IK 

*  - .'  • 

(il 

77. •« 

19 

2.2 

2.  J 

7.1.4 

6*1 

U'^.o 

l'>7 
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M) 

7m. '• 

I** 

—0.4 

21 

75.2 

66 
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6: 
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Cent. 

Fahr. 

Cent. 

Fahr. 

Cent. 

Fahr. 
-h402°8 

Cent 

Fahr. 

Cent 

Fahr. 

-hllO 

-h230.0 

-hl58 

+816^.4 

-¥206 

-+-254* 

-+-489.2 

-+-302* 

-»-575°.6 

111 

231.8 

159 

318.2 

207 

404.6 

255 

491.0 

808 

677.4 

112 

233.6 

160 

820.0 

208 

406.4 

256 

492.8 

804 

679.2 

113 

235.4 

161 

821.8 

209 

408.2 

257 

494.6 

806 

681.0 

114 

287.2 

162 

823.6 

210 

410.0 

258 

496.4 

806 

582.8 

115 

239.0 

163 

823.4 

211 

411.8 

259 

498.2 

807 

684.6 

116 

240.8 

164 

827.2 

212 

413.6 

260 

500.0 

308 

686.4 

in' 

242.6 

163 

829.0 

213 

415.4 

261 

501.8 

809 

688.2 

lis 

244.4 

166 

830.8 

214 

417.2 

262 

508.6 

810 

690.0 

119 

246.2 

167 

832.6 

215 

419.0 

263 

505.4 

811 

691.8 

120 

248.0 

168 

834.4 

216 

420.8 

264 

507.2 

812 

698.6 

121 

249.8 

169 

336.2 

217 

422.6 

265 

509.0 

818 

695.4 

122 

231.6 

170 

S3S.0 

218 

424.4 

266 

610.8 

814 

597.2 

123 

253.4 

171 

889.8 

219 

426.2 

267 

612.6 

815 

699.0 

121 

255.2 

172 

841.6 

220 

428.0 

268 

614.4 

316 

600.8 

125 

257.0 

173 

848.4 

221 

429.8 

269 

616.2 

817 

602.6 

126 

258.8 

174 

843.2 

222 

431.6 

270 

518.0 

818 

604.4 

127 

260.6 

175 

847.0 

223 

4.33.4 

271 

619.8 

819 

606.2 

128 

262.4 

176 

848.8 

224 

435.2 

272 

621.6 

820 

608.0 

129 

264.2 

177 

350.6 

225 

437.0 

273 

523.4 

821 

609.8 

130 

266.0 

178 

852.1 

226 

488.8 

274 

525.2 

822 

611.6 

131 

267.8 

179 

854.2 

227 

440.6 

275 

627  0 

823 

618.4 

132 

209.6 

180 

356.0 

228 

442.4 

276 

628.8 

824 

615.2 

133 

271.4 

181 

857.8 

229 

444.2. 

277 

680.6 

825 

617.0 

134 

273.2 

182 

859.6 

230 

446.0 

278 

682.4 

826 

618.8 

135 

275.0 

183 

861.4 

281 

447.8 

279 

634.2 

827 

620.6 

136 

276.8 

184 

863.2 

232 

449.6 

280 

636.0 

828 

622.4 

137 

278.6 

185 

865.0 

233 

451.4 

281 

637.8 

829 

624.2 

138 

280.4 

186 

866.8 

234 

458.2 

282 

639.6 

830 

626.0 

139 

282.2 

187 

868.6 

235 

455.0 

283 

641.4 

831 

627.8 

140 

284.0 

188 

870.4 

236 

456.8 

284 

543.2 

832 

629.6 

141 

2S5.8 

189 

372.2 

237 

458.6 

285 

645.0 

833 

631.4 

142 

2S7.6 

190 

874.0 

288 

460.4 

286 

546.8 

334 

633.2 

143 

2S9.4 

191 

875.8 

239 

462.2 

287 

548.6 

835 

635.0 

144 

291  2 

192 

877.6 

240 

464.0 

288 

550.4 

836 

636.8 

145 

293.0 

193 

379.4 

241 

465.8 

289 

552.2 

837 

638.6 

14S 

294.8 

194 

881.2 

242 

467.6 

290 

554.0 

838 

640.4 

147 

296.6 

193 

888.0 

243 

469.4 

291 

655.8 

889 

642.2 

118 

298.4 

196 

884.8 

244 

471.2 

292 

557.6 

810 

614.0 

149 

300.2 

197 

886.6 

245 

473.0 

293 

559.4 

841 

646.8 

150 

302.0 

198 

888.4 

246 

474.8 

294 

661.2 

812 

647.6 

151 

303.8 

199 

890.2 

247 

476  6 

295 

668.0 

843 

649.4 

152 

S05.6 

200 

892.0 

248 

478.4 

296 

661.8 

844 

651.2 

153 

307.4 

201 

893.8 

249 

480.2 

297 

666.6 

845 

653.0 

154 

1  309.2 

202 

895.6 

250 

482.0 

298 

668.4 

846 

654.8 

165 

311.0 

203 

897.4 

251 

483.8 

299 

670.2 

847 

656.6 

156 

;  812.8 

204 

899.2 

252 

485.6 

800 

572.0 

848 

658.4 

157 

814.6 

205 

401.0 

253 

i  487.4 

1 

801 

573.8 

849 

660.2 

720 
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TABLE   XIX. 

TABLE  FOR  THE  REDUCTION  OF  THE  PRESSURE  OF  A  COLUM5 
OF  WATER  TO  A  COLUMN  OF  MERCURY. 
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B'ai  5794 
5916,5139 
6053  6067 
6194   6309 


6333  t 


aSlO  6334 
6457 1  6471 
6607  663  J 
6761 1  6776 
6918  6934 


6339  G3S3  C36S 

64 B6  65111 :6SI 
663;' 6653,  66Ca 
67931  680S:G^2.1 
695016966  C3B3 


TOTB 
7344 
T4I3 

7SM 
776S 

7943  ; 
1138  I 


T096I  7113  7139  7145 
7!6l|  7378  7295  7311 


T430I  7 
7603  7 

77M)  7 


I  798017 

'I  8166^8 

',  8356!  8 

8531'  8551 1  8570 


I  74t3 
)  7656 
:  7834 

S  8017 
i'8!04 
i   8395 


8710,  8730,  875 


877  (J  8790 


6383  6307  6 

G53ll6546,6 
66831 6699  6 
6839  6 
6998, ; 

7161  717b'7194 
7338  734S'  7363 
7499'  7516  7534  1 
7674,  7631  7' 
7853  7870  71 

BOSS,  8054  8073 
8333^8341,8^60 

8414  843318453 
8610,86301  8650 
SSIO 


I  3690' 3698' 3707 
7  3776J3784  3798 
5  3861  3873  3883 
i   3954  3963,3973 

6  4055  4064 

0  4150  4 
5  4X46  4356 
5  4345  4355 

4436  4446.4457 

4539' 4550  4560 

4645:4656  4667 

4753' 4764  4775 

4864  4375  4BB7 

4977  49B9  5000 
I 

1  SI05  SII7 
i  5334  5336 
3  5346  5353 
i  5470  S483 
5  5598  5610 

I 
)  57aB  5741 
i  5B61  5875 
I  5993  6013 
9  6153 
J  6381  6395 

i   649716443 

I  6577  6593 

I  6730  6745 

887 1  6903 


8873  a 


8913,  8933,  8954  8974' 6995 
9130  9141  9IC3  918.1  9301 
9333  9151  9376  9197 
9550  9573,  9594!  9616  9613 
9773.  9791  S917'9840  9863 


i 

3|    4 
3     5 
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)  8  I'l  I 
7  8  1(1  1 
7j    9  10  I 


J„l., 


9016  B036,  9057  9078  9099 
9336  9347'  9368  9390.9311 
M41  9463  9484  9506  9538 
9661  9681,  9705' 9737  9750 
9886  S90S  9931.  9954   9977 


CONSTANT  L06ARITHM& 


h». «« 


•.Ircumf.  of  circle  when  i^  =  1,     (- 


u 


Area  of  circle  when  i?*  =  1,  (ir 


a      u 


<I 


M      u       a 


<.-^ 


"     C«=  1, 

Surface  of  sphere  when  T?**  =  I,    (4ir 


-     C«=l,    (-    = 


1.5708 

d.l41G 
8.1416 

0.7854 

0.0796 

12.5664 
8.1416 

0.3 188 


Solidity  of  sphere  when  ^  =  1,    (-  ir  =    4.1888 
u        u       u  u      /y=:i,    (|     =    0.5286 

-       -      "         -       (7^=1,    (^=    0.01G9 

lA)g.  of  it'.                                        («-'  =  9.86961) 

Intoii!*ity  of  u'Hivitv  at  Pari}*,           (y  =  0.8O9f}<) 

in  Lat.  4.■»^      {g  =9>t»rM>| 

*•         *•        *•      oil  Kijuator,     {g  =  1».7.*«MVJ 
lj*'Ui:\\\  (»rMVM»n«U  |)«Mnluliiin  uf  Paris,  (/  =  <>.99392 

No.  of  ><'<-on(ls  in  a  <l:»y,  (Hri4<H» 

S|MM'itic  Clravity  of  M»TCMiry.  (Ui..V.M'» 

Mc.Mn  lu'iiifit  uf  lJan)nu't»T,  (76  cm. 

C'orn-HjHJnJin;^  air  prcA^ure  on  c.  in.**  (1,033.296 


0.196  1199  9^a»4**l 

0.497  1499  9^>?<^*l 

0.497  H99  93«)?<.'I 

9^95  (>m99  0.104^1  I 


8.9007901    1.099  i^m 

1.099  2099  a9O07A*l 
0.497  1499   9.502  IWl 

9JH)2  8501  0.497  1 4>? 
0.6220886  9^77  i  I U 
9.7189986  0.28  U»i  :4 

«.227  54W    1.772  4.*: 

0.1»1}4  21>C»7    9.^0  7- 
n.OOl  ♦n'Sia    •.♦.•»»"*:.' 
(vyJl  4937    l».»*«^.% 

•j.ih*7  3.m;»  M.i»..:j»*t- 
4.93t;.'iia7  :»>v\^\ 

1.133  4112  .*^.**tV>** 
1.8M0  8136  8,11. M^*^; 
3.U14  224^>  C.^*^^7:.i 
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Absolute  Weigitt.    (See  Weijfht.) 
Absor[>tion  of  gases  bv  solids,  879. 

^*  '  "  InwR  of,  881. 

"  '*        bv  liquids.    (SfC  Solu- 

"  of  liquids  6y  solids,  863.  Jbility.) 

Absorption- Meter,  402.     Analysis  oi  mixed 

gases  by.  409. 
Acceleration,  definition  of,  23« 

**  of  gravity,  66. 

Action  and  reaction,  law  of,  49. 
Adhesion,  342.     {And see  O«nose.) 
between  gases,  412. 
liquids,  383. 

*'      and  gases,  891. 
solids,  342. 
"    and  gase««,  379, 388. 
"      *'     liquids,  344. 
phenomena  of,  classified,  342. 
Air.     (See  Atmosphere.) 
Air-Pump,  with  valves,  329. 
*'  without  valves,  825. 

"  degree  of  exhaustion,  327. 

Air-Thermometer,  533.   (See  Thermoscope.) 

"  Regnault's,  634. 

Alcoometer,  Gay-Luj^sac's,  264. 
Alloys,  exp!Hision  in  solidifying,  668. 

*'*      melting-iKiiiit  of,  650. 
Ahimina,  crv><tallization  of,  120. 
Aii:iI');i;ieH  of  Nature,  9. 
Annealing,  207,  211. 

"  of  glass.  212. 

Antimony,  ratio  of  crj'stalline  axes  of,  122. 
Anigi  aiKl  Dulong,  experiments  on    Mari- 

otte's  law,  293. 
"  **  experiments  on  tension 

of  aqueous  vapor,  576. 
Archimede^'s  Law,  235. 

"  "      demonstration  of,  237. 

"  "      illu^tmtion  of,  236. 

Arsenic,  crystallization  of,  120. 
Arseniou^  Ac!  I,  crv^tallization  of,  120. 
Artesian  Well^,  23-3,  647. 
A^vpinitor,  325,  392. 
Atmosphere,  buoyancy  of,  268. 
dew-point  of,  641. 
effects  of  oxj)ansion  of,  640. 
pressure  of,  266,  279. 
probable  limit  of,  307. 
relative  humidity  of,  640. 
waves  of,  286. 
Atomic  Theorv,  110. 
Atoms,  size  of,  Boscovisch*9  opinion  of,  110, 

"  "       Newton's  opinion  of,  110. 

Attraction  of  Earth.    (See  Gravitv.) 
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Axes  of  crystals,  121, 128. 

lateral  and  vertical,  122. 

mtio  in  crj'stals  of  antimony,  122. 

bichromate  of  pot- 


ti 


it 


ash,  124. 

122. 

tt                 tt 

carbonate  of 

ime, 

tt                 tt 

gypsum,  123. 

[124. 

ti                     u 

sulphate  of  copper, 

ti                    tt 

"        iron,  123. 

il                  it 

sulphur,  128. 

tt               tt 

tin,  122. 

similar,  125. 

ti 
it 
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Babiset,  formula  of,  305. 

Balance,  accunicy  and  sensibility  of,  102. 

centre  of  gnivity  of,  how  adjusted, 
degree  of  sensibility  of,  105.    [101. 
"        description  of,  100. 
hydrostatic,  248. 
regarded  as  a  lever,  101. 

"  .         *»     pendulum,  102.    [94. 
"        »«pring,  indicates  absolute  weight, 
Balloons,  270. 

'*        ascensional  force  of,  271. 
Barometer,  Aneroid,  285. 

Bourdon's  metallic,  190. 
common,  284. 
Fortin's,  282. 
histor}'  of,  275. 
"  oscillations  of,  286. 

"  KegT^ult's,  280. 

"  thoorA'  of,  278. 

"  use<l  In  meatnring  heights,  804. 

"  "       meteorol«>gj-,  287. 

"  various  uses  of,  285. 

Barometrical  Observations,  corrected  for  ca- 
pillarity, 284, 356. 
"  "  corrected  for  tem- 

perature, 284, 511. 
Bevelling,  131. 
Bichromate  of  potash,   ratio  of  crystalline 

axes  of,  124. 
Billianls.  illustrative  of  elasticity,  201. 
Bodies,  collision  of  unelastic,  49. 

'*  "         elastic,  196. 

Boily,  definition  of,  8. 
Boiler.     (See  Steam- Boiler.) 
Boiling-Point,  determination  of,  569. 

^'  influenced  by  pressure,  666, 

"  table  of,  666.  [677. 

"  of  water,  666. 

"  *•        effect  of  salts  on,  668. 

"  **        influenced    by  con- 

taining vessel,  668. 
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notlifur-PoInt,  n««  In  nxnuinrin^ heights,  667- 
iWinicic  Aci«l,  hownM»<1  in  cnxnllizitig,  120. 
IbM4ruv{4ch*H  (»|>inioiiorAtiiiinc  th«»rv,  11". 
liounliifi.   (Src  lUmint^tcr  cific/  Maitotnetcr.)  ' 
BaovAiifv  of  wane;  368. 

'*♦      *   **   riqiii.K  J36,  24T. 
Bramnh'M  I*rv<!*,  SSO. 
Hrt'pH't'H  Mftnllic  Thcrmomctor,  504. 
Itritiiiinia  Briilir*'.  ex|ian«>ion  of,  603. 
Brittlt'iM'HH,  (iwliiitiiiu  of,  'iu'l. 
Itrix.  latent  lieat  of  \*m|iont,  604. 
Bn>ti/o,  t('tiiiM*nnfr  <«f,  212. 
Bun^n,  Ali<M»f^>ti«»ii.inrt«>r,  401. 

**        luilutMm  offpuie*  in  liquitK  j)l*8. 

**        •pwillc  gravity  of  gue*^  671.     Br 
otlu^idti,  414. 
tension  of  c«m(1on««<l  ga^e*.  U'jZ. 
volume  of  giiMn»,  679. 
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Cacxiard  i>e  la  Tovh,  experiments  on 

ih'iiMr  vnj*ir»,  60l. 
Ciilrite,  Kar«liM*«4  of  farew  of,  210. 

**       mtio  of  cr>'stiillii>e  axeii  of,  123. 
**       rhomlK>he(lron]i  of,  163. 
C»iuIIarity,  340. 

**      *    ati<orption  of  liquifU  by  |M*roa<« 

Miltds  863. 
^  aitMiunt  of  pre«*niT,  361. 

"  cfTwU  of  prpi»»ure,  3r>3. 

fonn  of  nioiiivru«,  847,  341^. 
p'n<*ml  nlifnomona  of.  346,  354. 
lllu«trHtionii  of,  368,  363. 
lnflu«*iH*e  <if  tcm|iermture  on,  300. 
**  namerii'tti  law%  of,  366. 

*•  pn»**un*  rv«ulting  from  molecu- 

lar furrc'*,  .149. 
*•  veriflcation  of  latm  of,  367.  | 

Capillurv  TuIk**,  height  of   liqui<l  in,  3'»4. 
*    *   PhiteM,  3o7,  n.v.».  [a:.>*.  ;{'.•». 

CariHiimtfi.f  »4i.iH,  luw'.ot*  it*  MiIul»ilily,37»J. 

"  liini'.     (.*yf  Calrite.) 
('nHninii*  Afi-i,  t'^titirrj^alion  of,  6v6,  60'J>. 

'(Vjitri-  "I   iimvity,  |iri'|«'ni»'»  of.  fiO. 

**  ti««M:l  i':<»ji.  <!•  Iiiiiti>'ii  iinl  im-jM-r- 

l  '  •  ..I,  T".     • 

•*  |.r,  -.'jr.  .  '*'!'*.  U4". 

('••tiTiiTr  i.|.-    I  l.« 'Tti.niii  jri«'  Nm1«',  4.'l«?. 
iViitnlu.'il  I'ti  I  .  T'.«. 

lit  •■.piit..r.  "^2. 

»Hi-:i-iir,.  .,f.  *M, 

"  "       m— ijt\  ii.»: /r:i\  ity, ''I. 

(\mi»i-.;m*  iI  r..n'»«.  7*. 

tt)«  lli:<  .il  <   li.iti.'r,  t(i.ril.^"l-ll«  <l    fp>in    »<»Iu- 

t..  ■  .  .iTl. 
"  I'*vi.-.  i!*-fr.i'!   *.  '-f.  »■«. 

r'i.tii  =  <tr\ .  ^■.H  'li-tiLji:--''   'fT^.'ti  I'liy-ii'i, 
t'..'  thp-f  .,in-!!-:i- <•!,  .'..      "      [•'». 
i  ■•  iMi'.i-'.  ,  •*itir\"  ■  •♦'   .'lil.  I 

I  :  •■■••.  -r.  11  ».  2"4. 
{".,..  -K.  ■!  •■    •   :.•... I,  of.  :.». 

•'  «■• >.i'.?\    •     ■■  '..*:i:. 

••   .  ■  ■      ■  \:  I-  -I  -..  4  ■: 


CoeiArient  of  ezpanfti<ifiof  watrr,  ItT. 

••  •*  -        of  mrrrttrY.llO.:;4. 

**         **   lin««r  expaoMuti,  iJrl. 
(%»he«i<in,  119,842. 
Coinagr.  20M. 
Culii«i(»n  of  elaMir  ImiliM,  r^. 

•*         •*   uiiriaAtic  lM.)ir«.  4X 
Column.     (St*  Mrrrury  Columu-^ 
Coml»u«tf<m,  h*nit  fn »tiL  649. 
Comi»»inent«  aii«l  Rr«ulta:it«.  1». 
Com|Hrv<t<iibility  of  g!iM;«,  llTi.  171.  '4*. 

"  -       la»»..c:-r 

*•  •♦         limit  T  ..  -'  \ 

'*  of  liqui'ls  3 IS. 

**  of  mattrr,    illu^t.-^:.- r* 

Coo*len*atJtw  of  gaMr*,  iva. 

"  *•        aii(4u^ra*  •/   Vir:*- 

n-r.  .'.^* 
••  *•        ai»|«tn!u«    "f  "n.-.- 

n«T.  *  «< 
"  ••         hv  r.4.1.  *.  ^L 

•*  ••         Kv  irfr«-;-r,  1V4 

••  ••  l'ani'U\   •        ri;*r- 

**  **        Far»«U«  •      £«*•!>• 

6to&.    '  [44* 

••  "        heat   r*^u>.r<  frt^ 

Cmiilen*«»l  Ga*e«,  U»itin£-|*'ir.t«  .  r.  i#S. 
*•  *•       frv«»iinir-i«»ii.t«  ■f.**^ 

*•  ♦•       Uient  hi^:  ..'.  •>  j.    i*: 

**  ••        li»w    triii|frar!;-»      ^  • 

**  '*       maximuui  tr &•««•(/.  J   :. 

ubw-  of.  i>&.  [:x, 

roin'»eii*inff-l*ump,  833, 

O>ri<lut'tioii  uf  Ileal,  n-pffif  i»nr*  r.f.  «.S>. 
*•        {Un^tntf  n.  '  f.  <si4. 
*•  ••         in  rri»tH:«. '.'A. 

*•  •*        in  (n*«f».  •  '-T 

••  ••  -     O?-'  ^-  .11--- 

in  :.  .•;  '.  •  ■: 


I 


i:. 


}  . 


«  \,-  •  :. 


ir.     w    .  •. 

i'l  ~      :■     ■  »  . 
,(    W 
I '-.    I    •    • 

"'  *•         ir.  -      ■•     !    .--  .•• 

:i;  ;  f  »••  •    • 
**  *•  ir.  »         •.     I     • 

i*.  \  ir      .. 
'<k^ir.ltri;i?<"«,  '['*''..  •i-.'-  '  *.  •  ■ 

•  I'}.*  r.  t.--.; .  r  •  /     !.  ill. 
^i<riii»h  ll»  .  •  r,  »  I'-. 

"'■u'<'nil'.  I  tv  »  ■  f   ♦ "  i»»..  .!\  .  1    Z 

•  u;-l«'-.  •!•  I;  .:*.■  1.  t  :  n.t«  Ij:  .    i,.  4? 
'r\ '•\-)i>"i-.  ♦•••■• 

'r\  'ta!.  a\'  •  •■•.  !:;i. 

.»,.•      •     ,    .  «    1    1 

j-irtt'ii-;*  r«     '    .    .    .*     '■    i:i. 
1  'i-  r-,  .  f".  !:i 

'  •    ■  I'    ^-  •    '.  i:'. 

•  iji 

•  .V.    I     -1,   ^ 

i>A*?.i:',:i.-  I   rv..  IW. 
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Crvstalline  form,  identitv  of,  defined,  188. 

"  structure,  119. 

Crystallization,  process  of,  119. 

"  water  of,  872. 

Crystallography,  119. 

"  terms  of,  121. 

Crystals,  cleavage  of,  llv^,  204. 

.condnction  of  heat  in,  656. 
determination  of,  175. 
expansion  of,  498. 
groups  of,  178. 
irregularities  of,  170. 
mwlelft  of,  182. 
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modifications  of,  181, 175. 

"  laws    governing, 

simple  and  compound,  120.    [132. 
symbols  of,  128. 
system**  of,  121,  175. 
twin,  178. 
(See  Form.) 


Dalton*8  Apparatus  for  tension  of  vapors, 


6V2. 


u 


Laws,  638. 
Danieirs  Hygrometer,  648. 
Densimeter,*  252. 
Density,  definition  of,  18.    {See  Mass.; 

**  *      how  related  to  weight,  91. 
Dc»pret2,  conduction  of  heat  in  liquids,  667. 
"        expansion  of  water,  623,  626,  649. 
"        experiments  on  Mariotte*s   Law, 
291. 
Dew,  theory'  of,  658. 
Diffusion  bottles,  419. 

tube  of  Graham,  420. 
of  pxses,  419. 

"        Dalton's  theory  of,  422. 
"        illustrations  of^  428. 
of  lianids,  883.  [884. 

"      Graham*8  experiments  on, 
ilhistrations  of,  884. 
laws  of,  886. 
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(See  Osmose). 
Dimorphism,  184. 
Distillation,  pmce-is  of,  688. 
Dividing  engine,  443. 
Divisibility  of  matter.    {See  Matter.) 
Ductility,  205. 

**         onler  of,  207. 
Dnlong  and  Petit,  experiments  on  expansion 
of  mercurj',  608.  614. 
"      specific  heat* of  gases,  488,  489. 
•*      {See  Arago.) 
Dynamics,  definition  of,  84. 


Earth,  centre  of  gravitv  of,  84. 
**       eccentricity  of,  §3. 
"       origin  of  form  of,  85. 
"       sphen)i«lal  figure  of,  88. 
Effusion  of  gases,  412.  [413. 

"        "      "      experiments  of  Graham, 
"        *'      »•      law  of,  414. 
******      use    in    determining  Sp. 

Gr..  414. 
Elastic  bodies,  collision  of,  196. 
Elasticity,  coctBcient  of.  186. 
*'     *    definition  of,  115. 
**  limits  of,  115, 193. 

**         limited  nnd  unlimited,  116. 
"         of  compression,  187. 
**  **  crystals,  196. 


Elasticity  of  flexnre,  187. 

*•         *♦       *•        applications  of,  189. 

••  **  liquids,  116,  215. 

•»  "  solids,  186. 

*•  **  tension,  laws  of,  186. 

«  **  torsion,  191. 

*<*»**        applications  of,  193. 

**  •*        *»        laws  of,  192. 

**       perfect  and  imperfect,  115. 

**        varieties  of,  115. 

Elements,  chemical  definition  of,  8. 

Engine,  dividing,  448. 

'*       steam,  61b  et  sea. 

Equilibrium,  mechanical,  definition  of,  34. 

**  of  floating  bodies,  242. 

**  of  liquids,  228.  [62. 

**  stable,  unstable,  and  neutral, 

Expansion,  coefficient  of,  491. 

"        force  of,  499. 

"        by  heat,  480. 

••  ♦^      •*      cubic,  481, 492. 

♦*         "      »*      linear,  481, 491. 

**        heat  absorbed  in,  475,  480. 

*'        of  gases,  528. 

**         "      '*      expansion  of  air,  540. 

**         "      **      air-thermometer,  533. 

**         "      **      air-pyrometer,  639. 

♦♦         *'      »*      coefficients  of,  528. 

*'         **      **      generol  laws  of,  632. 

'*         "      **      methods    of  determin- 

hig,  630. 

"    liquids,  607. 

**      above     the     boiling- 

point,  619. 

'*      absolute    and   appar- 

ent,  607. 

**         **        **      change   of  rate  with 

temperature,  617. 

**         **        **      experiments  of  Drion, 

619. 

"         **        **      experiments  of  Kopp, 

616. 

**         **        "      experiments  of  Pierre, 

516. 

"         *'        "      formula   for   alcohol, 

ether,    and    oil    of 

turpentine,  618. 

"         **        **      represented  by  curves, 

618. 

"         »»  solids,  494. 

"         *'      *'      applications  of,  604. 

•'         **      **      determination  of  cubic, 

496, 516.  [494. 

"         "      **      determination  of  linear, 

•»         "       **      case  of  crystals,  498. 

**  *»       •*  "      glass,  497,  498. 

"         "      **      experiments  of  Kopp, 

496. 
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experiments  of  La  Place 
and  Lavoisier,  494. 
•*  '*      "      illuHtrations  of,  600. 

*'         »*      M      order  of  comprcs«ibili- 

ty  and  expansibility, 
4*97. 
*•         **      **      related  to  fusibility,49T. 
**      **      variation  with  temper- 
ature, 497. 
"  mercury,  608. 

**     'coefficients  of,  510. 
**      correction   of  barom- 
eter, 511. 
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Eximnnlon  of  mcrcurr,  do'crminntion  of  •!>- 

M.luti*,60M. 
**      detcmiiimtion  of   «|>- 
{Mirrnt,  513.        [610. 
enipiricul  formula  of, 
mcthfHl   (if  «l(>t(>niiin- 
iiiga1»«tolut«*,  l>ul«»n^  ' 
iin.1  IVtir,  608,  Ke^-  i 
nniilt,  6(H».  | 

**        **       Kol:iti<»ti  betwiH»n  nf>-  . 
inrvntaii*!  iib»ulat4*, 
616. 
*♦  wnter.'iJO 

•*  curve  of,  621,  624. 
**  c«i**fticitMit  of,  627. 
**      dctcniiinatioii  of  mnxU 

ninm  (lt*n>»ity,  622. 
**      etnptrical  funiiiila*  for. 

626. 
**      «"XjK*riinentJ»     of    I)ev 
pn«tz,  623. 
cxjM'riiiuMir*  of  Pliickor 

niul  ittM««l<*r,  62^i. 
(tritiit  of  timxiiutim  ilcii*  i 
•itv,  620.  I 

••    OVr  Mtixhuum  iKMiJ^ity.)  I 
Extension,  d«'fhiitioi»  «>f,  lo. 
^        how  uiva»iuv^l,  11. 

Fahhemikit,  thortnometric  f«rnk»  of.  4.V». 
F.»r:iilav.  i*xi>miucnt»  on  coiuii'ib>c«l  ga-*e*, 

6iM,  6l»'J 
Floutinjr  1»«hH*»*,  Uw«  of,  241. 
Fiiiiility.  il«>thiitioii  of.  216. 
F«»r\e,  ch:inir<'  of  |M>tiit  of  niifilicntuin,  38. 
••      «I«*fliiition  of  iiKN'hanuM!.  IJ2. 
•*      iiiti'U'.ity  aixl  ({tinntity  of,  a*.  63. 
*»      hiw*  eovoniing  direction  t»f,  32. 
h\'wj.  .'2. 
!r;":i''Un*  "f,  .14. 

<-ni'in  ••f  i  !--.i  t-f,  ♦',. 

-'.  'i"!!)!!!'   ll-*   with    Ni'Iiri"!:.  7. 

I. '.it  ..f".  .ih.  \:i. 
r-.rri'-.  I  •■•i*n«  ••!"   jri'-ill.''     I" 
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Formiil«:  — 

Air-pamp,  tl7,  t2«. 

An«ly*i<*  of  pi*»*»  t»y  al^ftnrpciir.  411 

Apimri'Mt    rziMU&«i^<a    tf    et-r -i— 

613.  614. 
Apiwrvn!  and  »l»*'late  ct*ffi-  •-•.•  ■-/ 

ex|Min*i*>n.  616. 
A«<'«n*iofml  h'Tvr  <»f  l«tlivr.  JTl 
lUin»aH*tri«-ttl  «»l'*rriat.*'C.«  'i*-r>.  •.■: 

for  t»'n»|x'rntur**.  61 1.  ;^12. 
ra|>iUarit\ .  a:.7.  iS". 
IVntrifupU  fi-nr,  m»-*JL 
0*<Brifnl  I'f  t-xi«u*»«'<.  an«i  •^*i^''^r 

irrvvity.  4'.^.  ;:' 

OwiB«*irnt  of    rxf^i*  .  n    .  f   * 
ColU*i*»o  t»frU»fif  ^ ••■>•' ..  I.-  -:  .• 

('otni*nMitiri:  i^-i^ln'tim.  :*•*. 
('oii«lurt»«»ti  "t  !.••«•.  *-'•■.*. 
0»m*<*ti«»n  ft  th«-n!*«  curtiir   -^^rr^v 

ti«»n*.  44'.». 
ConpN-*.  47. 

|)fC««m{Mi-iti«.n  r>f  firrt^.  41. 
IVn»it\  und  Ht-i^Lr.  i«l. 
l»ini«'ti«H«tt«  1^'  •;ir«*t  -irfclTf,  €J^ 
Kiru'ioii  I  if  t-Ti-*-*,  4ii. 
Kla»ticity   i4  t!«-.tuf*',  !•*, 

fe!..*.  I..  l"i. 

t.r«.   1.1-^. 
Kx{itin*i«>n  hy  hf at.  4*yj,  4>1. 

Jt  pa**-.   'J"-'- 

**  -        tjt'frrrr  r»*    r   /. 

H.«nt  .  f  fuM-'ti.  6'^  (    :  1.  M: 

lly  In  imt.r,  2il.  2.'i2. 
luli-ij-'ity  of  |rr»%-»t\  .  ^. 

*•    *  -      *     a!  .tiffrr—-  Lii 

♦Uir^.  77 
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Fonnul.T :  -  - 

8|)ecific  gravity  nnd  moRs,  92. 
Sj).  (ir.  ami  siKicific  weight,  U2. 
"        au<l  weight,  Ul. 
"        of  ffase?,  678. 
"       of  liquicli  corrected  for  tem- 
perature, 666. 
"       of  soUda  corrected  for  tcm- 
peniture,  668. 
of  vapors,  676.  676. 
referred  to  air  and  water,  93. 
"        weight  and  volume,  92. 
Specific  heat  of  giises  under  constant 

volume,  481, 
"  "     method  of  mixture,  468. 

Specific  weight,  90.^ 
Syi)hon,  3il.  ^  [686. 

Ten>i(>n  and  temperature  of  vapors, 
•*  '*     volume  of  vapors,  688. 

"       of  aqueous  vapor,  681. 
Unifonn  motion*,  23. 
Uuifonuly  acceleratexl  motion,  24,  26. 

"     *  retarded  motion^*,  26,  27. 
Variation  of  gnivity  with  height,  86. 
Ve!<H.Mty  <»f  sound,  482. 
Volume  of  jilcohol.  etc.,  618. 
*•       of  gasesi,  681. 
"      of  niercurv,  611. 
"       of  water,  627.  [670. 

Weijrht  <>f  ga-«,  reduced  for  latitude, 
"      of  one  .TTT*  of  gas,  668, 669. 
"      of  bodies  in  air,  269. 
W(H)lf '^  apparatus  Sl'j,  820. 
Franklin,  on  absorption  of  heat,  658. 
French  System  of  Weights,  89. 
Freezing  mixture*,  656. 
**       point,  54S. 
«  "      of  water,  549 

"  "  "     effect  of  salts  on,  649. 

Friction,  heat  of,  648. 
Fulcrum,  97. 
Funiace,  hot-riir,  542. 
Fu'iion  of  Rolids,  54H^  653     (See  Melting  and 

Freezing  Points,  amHIeatof  Fuiiion.) 
Fusion  of  solids,  vitreou**,  548.  [557. 

•*  **       changcof  volume  attending, 

Oalilko,  proposition  of  composition  of  ve- 
locities, 2K. 
Gallon,  imperial,  14. 
Gase-*,  absorption  of,  bv  solids,  879. 

coraore-'iibility'of,  115,  273,  287. 
concleu'^ation  of.  (See  Omdensation.) 

"      conduction  of  heat  by,  657. 

"      definition  of  quantity  of,  394. 

**       direction  of  pressure  of,  266, 

"      effusion  of.     (See  Kffusion.)        [115. 

**      elasticity  of.  perfect  and  unlimited, 

**      expansion  of.     {See  Expansion.) 

"       fluid  it  V  of,  263. 

**      formation  of  va|>or  in,  686. 

"      how  distinguished  from  liquids,  278. 

"  "  ''  va|M>rs,  686. 

"      mechanical  condition  of,  263. 

"      metho.1  of  weighifig,  270. 

"      passage  of,  thrrmgh  membranes,  426. 

"      pennanent  elasticity  of,  274. 
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pressure  due  to  pmvity,  265. 

solubilitv  of.  {Stf  Solubilitv.) 
'*  specific  "gnivitv  of,  93,  273,  6"70. 
**      tension  of^  definition,  263. 

62* 


Gases,  transmission  of  pressure,  264. 
"      transpiration  of,  417. 
"      volume  of,  679.    (Src  Weighing  and 

Measuring.) 
**  "         how  reduced  to  standard 


it 


pressure,  818. 
**         moist,  how  reduced,  637. 
weight  of,  270,  667. 
Gasometers,  314. 
Gav-Lussac,  solubilit^f  sulphate  of  soda, 

874,  875. 
Geometry,  subject-matter  of,  11. 
Glass,  auneiding  of,  212. 
"      expansion  of,  at  different  tempera- 
tures, 498j  499. 
Glaul)or  Salts.     (A*e  Sulphate  of  Soda.) 
Gold- Leaf,  illustrates  divisibility  of  matter, 
"  manufacture  of,  206.  [109. 

Goniometer,  Application,  177. 
»*  KeflecUve,  178. 

BabinotV,  183. 
Hai<liuger*»,  188. 
Mitscherlich's,  182. 
RudlKjrg's,  1S2. 
Suckow's,  183. 
Wollaston's,  179. 
Goniometry,  Miller's  ractho<l  of,  181.     [384. 
Graham*s  experiments  on  diffu-^ion  of  liquid^ 

*•    ofgu^es,  420. 
effusion,  413. 
osmo<e,  889. 
transpirati<m,  417. 
Grailich  and  Pckarek's  Sclcrometer,  209. 
Gramme,  definition  of,  89. 
Grassi,  on  compressibility  of  liquids,  217. 
Gmvitation,  law  of,  86. 
Gravity,  accelemtion  of,  65. 

Bon  la's  and  Cassini's  experiments 

on,  74. 
causes  of  variation  of  earth's,  77. 
centre  of,  60. 
definition  of,  66. 


it 
it 

it 
it 
it 
it 


it 
ti 
u 


it 
ii 
it 
i( 
it 
it 


ii 
it 

u 


ii 

it 
u 
tc 


"        direction  of  earth's,  67. 
"        intensity  of,  64. 


"  "  how  mea«ured,  66. 

**  "  rej)resente<l  by  </,  66. 

"        irregularities  of,  77. 
"        me^isured  by  p<Midulum,  73. 
"        p<jint  of  application  of  earth's,  5«. 
"        profjortional  to  <juantity  of  matter, 
"        resultant  of  forces  of,  69.  (♦>  j. 

**        value  of,  at  different  latitudes,  76. 
"        varies  with  distance,  85. 
»'        (See  Si)eeific  Gmvity.) 
Gypsum,  fonn  of  crystals  of,' 174. 

ratio  of  crVstalliue  axes  of,  123. 


ti 


IIallstrom,  expansion  of  water,  623. 
Hardness,  definition  of,  208. 
"         how  mea«ure<l,  208. 
"         of  crvstals,  209. 
"         wale  of,  209. 
"         nclernmoter.  209. 
Heat,  ft  repulsive  fim-e,  118. 

absor!>e<l  by  expansion,  476,  480. 
an  expan«iive  force,  430. 
*»     central,  647. 
"     definition  of,  426. 
"     mech.inical  wpiivalent  of,  484,  633. 
"      theories  of,  426. 
'*     (Stc  Conduction,  Radiant,  &  Sources.) 
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Heat  of  Ftti*Ioa,  666. 

^       A-oexing  miztaref  66^ 
how  fletermined,  669. 
I'erHoti't  Uw,  660. 
Hemlhedna  Formn,  129,  186,  186,  146,  140, 
Heini-octmhedruiM,  168.  [161,  167. 

Heini-prii«m»,  166. 
Hemitn»p««,  174. 

HoIuhiHliul  Form.  1%188, 14S,  147. 168, 168. 
Hopkiim,  effect  of  piware  on  meltinif-point, 
Uvdruineter,  240.  [660. 

*'  Bftum^'t,  868. 

"*  Fahimheit**,  861. 

**  NichoboQ'is  860. 

"*■  RooMMiti't,  866. 

UydnwUtio   Balance,  248. 

*"  Pvmdox,  288. 

"*  Prc«S220. 

Hygrometer,  689. 

"*  l)«nien*»,  648. 

'*  I>elac*»,  646. 

**  H«Ir,  646. 

"^  Regnaalt**,  64X 

**  8auN(Qrr*»,  646. 

*«  Wet-bulb,  644. 

Hvgronietry,  686. 

Dalton**  Uw»,  688. 

♦•  dew-priint,  641. 

^  dr>'ing  Appamtiu,  646. 

**  furroiititHi  of  mixed  vapon,  688. 

"  **        ofvaiKirinair,  686. 

**  relative  hnmiiiit  j  of  air,  640. 

**  tension  of  vapor 'in  air,  686. 

**  ^'oiume  of  moUt  gaMa,  how  re- 

duce^l,  687. 
Hypotheniff,  how  related  to  law,  7. 

Impemktrability.  d<*finltlon  of,  19. 
Iii«lia-nil»bt*r,  adh«'«>ioii  ot'.  S43. 

u«»<Ni  f<  >r  )•  »intji.  843. 
Ii:*>rtiu.  definition  of,  3'i. 
I«-lii.i'.  cn>tullirHtioii  of,  120. 

Jot  iJL,  niivhanical  ctjuiralent  of  heat,  4''4, 

ca3. 

K  \Tr.it.  rx[»«Tltncnt«  on  the  |»enduluin.  12,71. 
Kil"i:nirniiM*.  <»riKMii  iin<I  hiHioPk*  of,  ITi. 
Kli»i"-'li:ip»iial  tixi-*.  123,  164. 
K"|»p.  rhjinir»*  "fvolutni*  in  fusion,  W»l. 

"      o\j'Ui»i'«ii  if  Ii<)tiit*,  r.H. 
\    Ihmh'  »>(  «!it«T  at  JilfenM 
tun--,  'tl>'t. 


•nt  teni|K»ra- 


I.  \  Ti.A*  K,  f.»nnnl:\  of.  nn.'i. 

v»J«>rity  «'l'»«'Uii'l,  4'*2. 
I.itPiit  Hfftt.     [S^f  H»Mt  of  Fusion.) 
L.ir»i.i  H«'ut  of  Vfn*.r,  ••••.1. 

**         iip{>liration    in  en***  of 
•trtini.  All. 
*'  **         |lrix'«  «'X|»«Titni't»t*  on, 

rrA<»jiln«ni«.  **'*'.».    (•■04. 
<!«ti'nninnti"H  "f.  *^*t:\, 
illu»trntii»ii«  of,  »«o«». 
in  iNjn:il  %. .Iti'no*.  ♦'•••'l. 
in    •ti*'itn     :it    <li!f«n  •.! 

t«»fn|'«Titnn»*.  ••<"■.. 
Ivr»Ilc'»  oxi^tTintrnt  <»n, 

fi«n*. 
p(«\>ui  walerjan,  C'j**. 
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Latent  Ha^t  of  Vapor,  Bafwah't  npth 

uirut*  cNTt,  %u7 
**  *•      tolid  cari»<ii«-  »o  • .  < :  • 

**  **      •phrntv'Li:  ogatitB^  W 

liquida,  611. 
**  **       Watt*  tbMirr.  MC 

Latitnda,  Tirlaiiaa  oi  fffaritv  « ith.  7«. 
*•  -        of  wi^tgh't  <4 

€70. 
Laroiftler  and  LaphM^r, 

ear  expansion,  4!M. 
Law,  critrrinn  of  it«  validitr.  8, 
"    Dalton'i.  68*. 
**    deAnititm  of,  7. 
*"    MarioCteX  8»*7. 
**    nature  of  y^T^ical,  7,  »^. 
**    of  |(raTitati<*n,'M. 
•*     Penoo*«,  660. 
*"    reUtioQ  of,  to  Divine  Mind.  7. 
**     WattV,  606. 
Laws  of  capillarity,  866. 
**        cleavap,  206. 
•*        crrualline  •vmm^trr.  122. 
**       difeVuioo  of  caM^.  4'i«* 
•*  •*  liqaM*.  ic*. 

Dnlonir,  4M,  4KV. 
elasticity.  lf»«, 
^        liouid  evjoilibriom.  23d. 
"  ^       pre*«ar»'.  2J7. 

**        ftohiti'in  of  iptMtt,  IvX. 
**        tiir»t<m.  192. 
**        tranj^I»trati«m.  417. 
Lmi^h,  unit*  <*f,  Fnirii^h,  II.     Frrwh,  XL 
l^»U«*'ii  ex|M*riment,  609. 
LeviT,  arm«  of,  9'*. 

**      c«»ndition«  of  e«)ailtbrinm  oC  9*- 
*•     imtrraJ  th«^ir>*  of,  97- 
**      three  kiii^U  of,  W. 
I,^v«»mir«»,  •l«*rinition  of.  l«""k. 
Ltffht,  piano  of  |Mtljin£ati<<i  rT4a!«  :     -   -~  • 

till*,  M2,  1»'.7. 
Lii|iii'l  *taN'.  117. 

Li«jtii»l«,  ailhfl'i?!  ti>  ••'lii*.      ,  ."^r  "^ 
*•  crntrr  «>f  1  r^*-. ••»!.•  ,/.  i^- 

**         rh:ir:i«t«*rf>tir  pntf*-r»i«-*     ''.  ::  . 
*•         ci»niprf*«»l«.litt  of.  114.11' 

dilTu-i.«n  «  t.  d*a       ..'Vfl*'*..    . 
tlin*rti«Hi  of  prr-**;;'^'  *.(,  i.  • 
f>la»ti»i*\  ..f.  II'..  il';. 
"         rx|>An*to:)  of      {St*  \  \\m'  •    ■ 
**  h«»w  •li-tnipii'l.*"!  f*  •'    ."  ••  •     I't 

*'  la«*  of  lf.l"'\  :Uf««   ••!.  1  -'       i»* 

"  *•        ^«n^l^ll^rum  •  V  »Z*     i  . 

*'  **        pr»-*«urr  .'f.  m     .." 

"         mtfhanit  at  OHi'ltti"  t      r    . 
"         prv**nn*  t|ti«' ?f' j»-\i  •■ 
**  prinr  {•••»  <  f  An  !::f.»    ■  •    * 

»p!>fr»hl.^!  « '•».  !it.    •      •     ■•  : 
"  tr»s-»m.»»i>  ••  "f  J  *■>  •*  .'y  .  «!• 

**  Mrti»ur»:i.:  ■ 

I.itn'.  17. 

l.«»iNimi»ti\i(»  ll..il»T.  •  I*. 
Kn,'u>--.  •  J* 
lytrwrr*  exji»T;:n«-:itik  •*!  •*•*;'  ..  m     '  -■»-♦.. 

r.  ■*»      •  *  .        T' 
'•  »•  <•!.    •-    ■-•       "I 

f      •.".         ...»    '•* 

lUt.'  t.m.    J[T*. 


INDKX. 


Taa 


a 
u 


Makvo-diaoohal  Axbs,  lis. 
MaUeabilitv,  206. 

"       '    onler  of,  207.  [208, 

**  variatkHB   with    tempermture, 

M&nometer,  Regnaalt*8,  808. 

metallic,  of  Bourdon,  189. 
with  oonfinod  air,  810. 
Marcet*8  Globe,  674. 
Mariotte's  Flask,  823. 

^         Law,  applioation  of,  801. 

'«  "■   deviations  from,  290, 200, 682, 

686,602. 
^  ^   experiments  on,  Anigo  and 

Dulong,  298. 
"  "  "  Dcspretz,  291. 

"  "  "         Natterer,  299. 

»*  "  "       ■  Oersted,  290. 

"  "  **         Regnault,  296. 

"  "    history  of,  290. 

**  "    illustrations  of,  288. 

'*  "    relation  to  expansion  of  gas- 

es, 682,  686. 
"  "    statement  of,  287. 

Mass,  definition  of,  18 
"     relation  to  density,  18. 
"     unit  of,  91. 
Matter,  compressibility  of,  118. 
"        definition  of,  8. 
**       div!«ibility  of,  an  accidental  prop- 

erty,  109. 
**        essential  nature  of,  not  understood,  3. 
^  ^       and  accidental  properties  ' 

of,  10. 
^        expansibility  of,  118.  i 

**       pmeral  and  specific  prtyerties  fff^  3.  • 
^        illuitratiom  of  its  porosity,  1 10  \ 

*^        physical  and  chemical  prop«rtie«,  6. 
Maximnrn  'ien^ity  (^  water,  620. 

-  -  •*       eflecto   of   mIu 

tML,  624, 

-  "  **       history   '4    4i*- 

e^rr^ry  'if,  6/Z2, 

-  *•  **       bnpffrtmut  kfttw 

MmtQTt.  Eojdidi  vrmmn'4.  II.  'IkA  Va/'l; 

Vrw.h  vrtx^tea  </.  its  hiiM^trj,  1 4« 
McAMiriac,    « JSe<  ^'^rijeh^  nut  HfctmfU»^f 

>i4bi^  '£  ynMmwK  "-ft.  VA, 

Mi. 

*  •  lllin./'  •/    «4H 

'*  •  iftib*   \f   4MtK   ***    1.UV 

Kw^m''7'  tninmn    ia*v  ti«*:^kniK*/4    );/>\ 

1Mltatt«Wl    1/    j(«4^ 


Metals,  crystalUsatUM)  of,  120, 
Metre^  an  ari»itran'  lueasurt^,  16. 

**      orijrln  Mul  liii*tiMrv  i»f,  U, 

"*      sulHiivUimis  or,  ^7, 
Mitm^herllch,  <«x|mnsiiiii  of  <>rv«tMU,  49lt% 

''  giuil(»ui0t«r,  I(t2. 

Modifications  of  crvstaU,  lai, 

»*  *^  iHW.iif,  134. 

Mohs's  scale  of  hardness,  2uu. 
Moiooulnr  forces,  two  uUismin  <if,  UT.    (Mn» 

Fon*os. ) 
Moment,  definition  of,  KM). 
Moinuntuni,  definition  of,  87. 
Motion,  n  relative  tonn,  21. 

**        an  essential  i)ro|Kirty  of  niailor,  81, 

"        couiiN)und,  27. 

**        curvilinear,  how  mauUinKt  29. 

^        orlffinof  idimof.  21. 

"        imrallelotfrnin  or,  27. 

^        {KMsihle  m  severul  diriMttions  at  oim*«, 

*'        utiifonii.  and  varyinK.  ^''^.  |22. 

**       unifonuiy  aitcelnnifiwL  23* 

''  *"         rourdtfil,  26. 

I  Attn, 

NATTRken,  apparatus  ffir  f:mi<Utti«itiKtftiM«, 

**  ex)K)rlm«*tit4  rm  c/mi|fr<tMifiUlty 

(#f  Ka««w,  299. 

Newtfm,  discovery  of  law  </f  ^mvliatl'/ti,  *»7, 

*♦        fimnula  ftfr  vi-W^tUy  *4  m/iu**!,  4*2, 

**       opiuk^n  on  at«4fik:  ^Xmtsf^f^  11'/. 

Ofrrifo-fyfA^xmAL  Ajku,  123, 

0«m//m«!tfrr,  3'»7, 

Osm^ise,  Vfl. 

ffxplanatPm 'if,  3^4, 
OrahafTt's  «rafi«rir<Mrfyt«  '/ri,  ^^, 
h//w  alii^yl  f/  «:tir«ii,/.aJ  «il!;..fty,;||iVL 


pAKAifRTKSta  '/  /rrvtUlfilM  pU«4»».  1]^ 

f/iM4A  '/r#,  74,  7^- 
»*  l^..r.'#.v«.* //.  <4  ^ 

**  I**/*  •^?«w»"W';  V.r  ''i%A  ».;/    7^ 

**  f^^  \fjt.  .KK  '•/   ^ 

"*  SMbswnv/* 'if  €'.^*>*  «y  |r,«  r  »>■ »    't 
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PopnuItT,  110. 

'*    '    Florentine  experiment!  on,  113. 

illnfttintionft  of,  111. 
**         implifw  c(»inpreMihilitT,  118. 
Poftition  of  »  IkmIv,  Ih>w  i leAnod^  20. 

orifcin  of  iilm  of,  20. 
round,  Troy  aik!  Avoinlu|M)H.  90. 

t'ni'teil  Stal*»^  xtaiitiani,  90. 
Power  of  a  ftirre,  37,  62. 
I^iwure  of  tiie  atmosphere.  266. 

**  **  **  nu'UKurod  bv  ba- 

rometer, i79. 

Radiamt  Heat,  651. 

*♦  "        Kb<»<»q»tior»  of,  652. 

**  **        mitilupiiH  to  lijcbt,  651. 

*♦  "        emi'»M«»ii  of,  653.  [658. 

**  "        Fraiikliir«      ex|H»rimeiit», 

"  "        freezing;   water  by  mdia- 

tion,  654. 

»*  *♦        hot-)»ed».  654. 

•     **        law*  of,  651. 

**  "        phenoineiui  of  dew,  653. 

"  "        rmliation  of  o.M,  661. 

**  •*        rvfl«cti<»n  of,  652. 

**  "       tniniimiA»iou  through  me- 

dia, 662. 
RefHfEermtor,  MS. 
Beguault,  conipariiion  of  thermoineteni,  439. 

**         determ Illation  of  tenisiou  of  va- 
|¥>r»,  575.  [2U5. 

^         experiment*  on    MaHotte'M    Uiw, 

"  "on  upeciflo  heat,  466, 

[467, 46{i,  471, 474,  476. 

"        hrfrraroeter,  642. 

"         hyf!ruroetr>',  644,  645. 

"         latent  heat  of  a4iueou«  vap«*r,  607. 

•*         mt»th«wl  «»f  woipiiiip  pa*«"»,  27o. 

**         ik|>wifio  gnivity  tif  miM**.  ti»i7. 

*•  »•  "     *   «»f  vup..n.,  676. 

**         welirht  of  >rn"K*».  6»»7. 
Rrlntivf  Wfiirlit.     [Sfr  WVijfhl.) 

"j-'.iti.-  ni'i^rhf,  96. 
}it^\,  ix  rvl;»Tj\»'  tt-nii,  21. 
K!."!iil.«>h«'  ln«ri.  141*. 

IIinniMnl.  ••••iihi«-Ti«»n  "-f  limt  in  litiui'l".  C67. 
\wM  Ml  frirti..n,  •'.4''. 

liui'tun*.  n**i»tiin'«"  t«».  2<^>1. 

Saki  rY-Tri»» >i.  tlitN.ri-  of,  31.1. 
a:!!-..'.  »'.1  ♦. 

*^i%   !-♦.  i!.|.T..  j'v   ..f  iT)-t;i!«.   l'."*i. 

>•■  i!.  t  ••*!»   I""'-:  ,    1  't-i. 

^    '.•r«Mii-ti"'.  *J'*".«. 

>•■•■•;    ••.  priri.  ij.  il,  1 '  1 .  1  '•'♦. 

^•■■.  •:.  fiti;!  •■•1  't.    1  !•■..   r«4. 

>iliini  «!i,  -lilVii*!    •!    1  .|..ir.itii*,  423. 

>III»ll;ir   t\>  •.   1  _'• 

t'..  •.  11. 

!•  .•  .  -.  IJ'"..  IT'. 

'..'....'.■.  I  .1. 
**■•  .  ■  .  'II.  "■■.  •••■.  ;•_'••. 

*^     :  •• «'. .  n: 

.*»     •  .-.    1--  ••;  !:    •■  .  :'  li  ,tj!-l«  t'V  |»r.-U*.  .V.-l. 

.  !   .:  1-.  -  '-N.  :iT.«. 

t.'Uj'ji  U.«i:iy-i.n**ac'»cx- 
|»«Titn«"ij:*,  3IS. 


*4 


Solidn,  chanirteriftir  prnmtiM  #<  lit. 
"      c<»miirf^»ibilitT  tif,  lit. 
*•      con«!urti»»n  «»f  *h«i!  m,  <.VA 
**      ehu»tit*itv  of,  IniinnYrt-t  %t*i  Lst  •*»!. 
•*       fii^Um  o?".     { See  Ju»m <x. ,  [il< 

"      |)r»ro«iitr  of,  110. 
♦*      »|»ecifir  jrravitT  of,  »1,  247.  «4X 
**      viilumr  •»f,  *l>»'>i. 

**      weig!»t  of,  "7.  l*"**.  €41.     t>««Vr^v 
inland  M«*a*urinj;.) 
Solubility  of  cari>*itmtr  cf  »««ia.  17<.  r:7 
*•  of  ^ulphatr  nf  •ol.t.  i7l  -  '.Tl 

**         of  ira»e»,  can.*'*  ••!  t»r.»t,         »• 
**  •*  CtirtTirirfit  nf  a*H».  r,  '*  r, 

8l«2, 
**  **  drtf rrmnari* -r.  -/.   »5- 

clrf:t,  3rv». 
**  •*         exi»rr»»tf«  t\  rtni|^trv»» 

KUTiin!**,  .Isa. 
"  **         mix<^l  rwr*.  4**S-    [  tH. 

••  irariatiun  m  itfa  pf»»»;.—. 

•*         Tariatitio  with  tn:.;*r%' 
tupi»,  3>JL 
"  "         (JSre  .\t^>rt4i'^-M««pr 

**  of  ftolidft,  conrr*  .^.  i«7. 

**  **  drtrmiuuitti*;  «'f.  V^ 

**  **         eniptncal    f«inim:.r    •/. 

866. 
**  *•         oninttuenr««i  hr  fi.«c 

S6tf. 
*•  •*         Tariati«<n  with  l*r:j-»-* 

turf.  3K.'*. 
Solution,  how  dt«tin^ii*h«Hi  fntcn  cLm^-a^ 
change.  371. 
•*        «»f  piM«*.  3l«l- 
**        <if  M»ltd»  in  li>:nid*.  86&. 
*•        I'UiterNitunitt^l.  376. 
S*mrre»  of  Heat,  647. 

o-ntml  h.M*.  '  «T 

*•         Ch«!!lj'   t.,  ♦  4-* 

*•        <•■  :>!•:•  I*  I      .  •  4» 

tri<  !  ■  '  .  »-4- 
"        j-r>  U"*  •  r  .  '  4* 
I  ••  »•        .„.  .  »  47. 

Sp.  (Jnivitv.  '.^1.  '1\:. 
•*  '    Ih»!1..  •J4T 

tu>  •!  ••["  "(  >U  rem-  -.  ■ 


•* 
it 

». 


-•    - 


•J.T 


of  k'l"*^.  '•^.  27  i  «    1 

..  ..         ,t,»i.t'-  • 

n-!'i»i"'i    !•;-•*        -      .    "   , 

S{..  If.  :ir.  4».4. 

..JCHM'-.  4T*'.  47  •. 
•*  *'         u!   .'I'     » ■  :.**  i:  •    ;  — '■ 

V  <  • 

J  •'.'•;  •      •      -    ■ '      ■     « 
••  U'     ■  '      >        ''     .'       \ 

1  .  'x    •  .  •.        ♦•: 

I »  ;     ■  .:  •       •  1 

4*  *. 
**  *•  U'    Iff      <*-.f. •?"»'!        %       ■."* 

I'u.ti.^,;'*  law  t,    i*^  %»• 
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Sp.  Heat  of  platinum,  and  determination  of 
niffh  temperatureSf  478. 
of  solids  andliquidPj  466. 

connected  with  their  chem- 
ical equivalents,  471. 
**  determination  of,  466,  467. 

**  greater  in  liquids  than  in 

solids,  475. 
**  greatest  in  water,  476. 

•*        of  the  elements,  466. 
*'        unit  of  heat,  464,  472. 
Sp.  Weight,  90. 

"  relative,  96. 

Spheroidal  condition  of  liquids,  861,  611. 
**  "  Boutigny's    experi- 

ments, 618. 
"  "  illustrations  of,  614. 

"  "  temperature  in,  612. 

"  "      freezing  of  water  in,  614. 

Spirit-Level,  282. 
Spring-Balance,  94, 189. 
Standards  of  measure.  ( See  Yard  and  Metre. ) 
'*        of  weight    {See   Gramme   and 
Pound.) 
Statics,  definition  of,  84. 
Steam,  572.    {See  Vapors.) 

**      application  of  latent  beat  of,  611. 
"      bath,  691. 

'*      expansion  at  formation  of,  608. 
**      latent  heat  of,  at  different  tempera- 
tures, 606,  632. 
"  "         "     Regnault's  results,  607. 

"  "         "     theory  of  Watt  as  to, 

"      mechanical  power  of,  681.  [606. 

"      volume  of,  68  L 
Steam-BoUer,  615. 

"  appendages  of,  618. 

"  Cornish,  616. 

"  dimensions  of,  620. 

"  "         heating  surface, 

"  French  form  of,  617.        [616. 

"*  fusible  plug,  620. 

"  locomotive,  617. 

*'  requisites  of,  616. 

"  safety-valve,  619. 

Steam-Cngine,  616. 

"  condenser,  625. 

**  cut-offs,  688. 

"  fly-wheel,  628. 

**  high-pressuro,  628,  688. 

**  locomotive,  628. 

^  low-pressure,  621,  638. 

^  mecnanical  power  of,  681. 

^  non-condensmg,  628. 

*'  parallel  motion,  624. 

•'  the  eccentric,  626. 

**  Watt*s  condensing,  621. 

Substances,  definition  of,  8. 
Sugar,  hemihedral  forms  of,  168.  [169. 

Sulphate  of  copper,  crystalline  form  of,  124, 
**       of  iron,  crystalline  form  of,  123. 
**       of  lime,  crvstalllne  form  of,  123. 
*'       of  soda,  laws  of  solubility.  872, 375. 
**  "     osmotic  equivalent  of,  888. 

"  ^     soluble  modifications  of,  874. 

**  ^     supersaturated  solution  of, 

876. 
^  *'     use  of,  in  fireezing  mixtures, 

567. 
Sulphide  of  hydrogen,  coefficient  of  absorp- 
tion of,  899. 


Sulphur,  how  crvstallized,  120. 

"        ratio  of'crystalline  axes  of,  128. 
Sulphurous  Acid,  coefficient  of  absorption  of^ 

401. 
*'  *'     condensation  of,  598. 

Supersaturated  Solution.  876. 
Surface,  units  of.    English,  18.    French,  17. 
Syphon,  theory  of,  820. 
System,  dimetric,  122, 142. 

"        hexagonal,  122, 147. 

**        monoclinic,  123,  168. 

**        monometric,  121, 182. 

"        triclinic,  123,  168. 

"        trimetric,  128,  158. 
Systems  of  crystals,  121. 

Tables:  — 

Absorption  of  gases  by  charcoal,  880 1 
by  Meerschaum,  plaster  of  Paris,  and 
silk,  381. 
Boiling-points  of  condensed  gases,  592. 
"  "        liauids,  566. 

"  **•       saline  solutions,  568. 

Coefficients  of  compressibility  of  liquids, 
•      "  of  elasticity,  187.         [217. 

of  expansion  of  glass  at  dif- 
ferent temperatures,  497. 
of  expansion   of  mercury, 
510. 
Comparison  of  different  mercurial  ther- 
mometers. 489. 
**  of  mercurial  with  air-ther- 

mometers, 439. 
"  of  thermometers  filled  with 

different  liquids,  451. 
Compressibility  of  gases  by  Arago  and 

Dulong,  294. 
by  Natterer,  299. 
byRegnault,296. 
Conducting  power  of  metals,  by  Dcr- 
pretz,  659;  by  Wiedman  and  Franz, 
666. 
Determination  of  crystals,  176. 
Diffusion  of  solids  in  solnti<Hi,  885. 
Dimension  of  steam-boilers,  621. 

**  of  the  earth,  88. 

Effect  of  pressure  on  melting-point,  550. 
EffuAion  and  Diffusion  of  gases.  414. 
Expansion  of  matter  hy  heat,  431. 
*'  in  vaporization,  608. 

**  of  gases,  528. 

"  ofUouids,  617.  [519. 


U 
(i 


U 
U 


U 


(i 


al>ove  boiling-point. 
Freezing-points  of  condensed  gases,  699. 
French  linear  measure,  17. 

"        system  of  weights,  89. 
Greatest  density  of  vapors,  601. 
Groups  of  equi-<liffusive  substances,  886. 
Heat  of  combustion,  660. 

**       fusion,  566. 
Hc!$;ht  of  liquids  in  capillary  tubes,  858, 

861. 
Intensity  of  gravity  at  different  lati- 
tudes. 76. 
Latent  heat  of  aqueous  vapors,  bv  Watt, 
606;  by  Regnault*,  608. 
"  ♦*    of  vapors,  605. 

Limit  of  elasticity,  196. 
Mechanical  power  of  steam,  631. 
Melting-points,  548. 

of  alloys,  560. 
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Tables :~ 

I'enon**  Uw«  M!%, 

Prettduro  mi<1  wpeciflc  paritr  of  the  air 

Scale  of  hnrttn«^«,  2«tV. 

Solubility  r>r  cartM>imte  r»f  ivMla,  877. 

of  chloriile  I  if  putaMium,  866. 
of  fpuM**,  ZU3. 
of  nitn'.  3tM. 
of  iiul|ilmt«*  of  vfNla,  876. 
Sp.  Ili'at  of  dHnt'iitx.  4<iH. 

i>f  o«|ual  v«  iluiue%  of  ga«o«,  4^8. 
of  gaf*eh  niul  vii(Hir«,  47h. 
in  M>Hil  aiKl  \U\uv\  «tati\  475. 
of  liquiilH  At  different  temper- 
aturt*!i.  474. 
**        of  ni«MliAontiunft  of  cartwMi,  476. 
**       of  pbtinum  at  diflferent  tcm- 

pcrntare*,  478. 
^        of  MilttiA  at  (liflereiit  teni|M.*ra- 

tare%  478. 
**       of  water  at  different  tempera- 
ture«,  473. 
Temperature  (»f  liquids  in  •pheraklal 

condition,  612.  ^ 

Tenacity,  ductility,  mallealiility,  307. 
TenAion'of  aqu(<«iun  vAjMini,  671*. 
**        of  condeUMKl  |euM*i>,  603. 
•*  **  -      at  «)0, 695. 

**       of  vapor*  of  Ii<inid«,  6b8. 
Tintu  of  heateil  i^teel,  31 1. 
Tran^tpiraldlity  <if  fnuie%  418. 
Weight  of  fna^*^  60**. 
Tartaric  Acitl,  rn'mihe^lml  fimiis  of.  167. 
Tartrate  of  Mxla  and  amimMiia,  hemihcdral 

fomi*  of,  161. 
Tetuficrature,  abmlate  lero,  664. 
'■  d<ifinitinn  of.  4«l3. 

**  dft«'nnim»'l  l»y  -peiMfir  h<*at  of 

iiliitiiiuni.  473. 
**  itif(u»M>tMMif.  i»ii  M»lul'iIity,3C«^.  , 

**  iiu';i'un*«l  liv  u  tl»«"nn<.tin't«T, 

*•  fl«taii'.i*  I  with  ooH'l»'ij-f«l  j;:i»- 

thi-nn  il  fjuilibriuni,  403.  | 

tpir.  .'••;■.♦. 
Ti'iiijHTinj:,  21 1. 

«>r  l>r-»n/i»,  212.  i 

<<f'  •   'i';"  r.  212. 
«.!   iili^'.  212. 
'Irn.'irity.  2'»3. 

tn«- 1'.'*  "f  in»!i-iiring,  2^3. 
'*         t'T  iir  •  f,  2"T. 
T»'ii»i"n  *'f  ,*i-'--.     ..**••  <f:i''i"'»  ) 

*•         «•!"  \  It-'"-.     iS.1    \  i;"»r«.) 
T*  t'lrt'-hflril  I   -ntf,   12.«.  I'i'i. 
'1  li«*irv,  n!<iniii'.  1 1". 
Tln"»»rii*«,  !j"W  nl.itf  1  t'»  Ijvw*,  7. 
Tlii'nnomftfr,  nir.  4'»'i.  f»;i4. 
u'.  ■■h..l.  4.M. 
"  fiM'-l  w  iMi  viiriMii«  lK|ut<i«,  4'*1. 

t':\"\  ;■•    ',t.  ..f.  4.13. 
*•  II-  tj.i-,  !'.'•. 

*•  111  i\itnt::n  nt\>\  nunirtnirii.  4.'2- 

iti«r   Mn.il.  4.52. 
1!  .'•  ii:.-  .  .  t    Kr.  jti#-r.  r.o4. 

N*  .• J  nil  t  /..iiuhrn'-,  4:^1. 

I:!»':.'rt.,-.|-«.  li'i. 
IK  .i:i  *  I-:.  4.,.'.. 


Therrooiiiefer,  trale*  of,  radvrtka  «<  ^»L 

^  Walfenlin'*,  4M. 

**  watrr,  48*. 

^  weiirht,  618. 

*«  ( 5r«  «f(»»  Air.  .tW  M«tt  vra. : 

Thenno-miiltiplier,  Mrlli«ii'*.  4^7. 
TheniKMcopc*,  Ije«li«>'«.  4M. 

•*  kunil..nr-.  4 '.7 

**  t^«iK-t«>rm«'».  4.'i4. 

Time,  how  mea«urT>.l.  22. 
**      oriffin  of  the  iilca  i»f,  21. 
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American  standard,  18. 
origin  and  history  of^  11. 
standard,  destroyed  by  fire,  12. 


it 
tt 
ft 


THE  END. 


V- f     t"* 


I 


,•  .■■-:>!< 


3  2044  020  081  360 


N 


THE  BORROWER  WILL  BE  CHARGED 
AN  OVERDUE  FEE  IF  THIS  BOOK  IS 
NOT  RETURNED  TO  THE  LIBRARY  ON 
OR  BEFORE  THE  LAST  DATE  STAMPED 
BELOW.  NON-RECEIPT  OF  OVERDUE 
NOTICES  DOES  NOT  EXEMPT  THE 
BORROWER  FROM  OVERDUE  FEES. 

Harvard  College  Widener  Library 
Cambridge,  MA  021 38    (61 7)  4g5-241 3 


i 


JJ 


V*  ■: 


iV  ►! 


l^.^ 


